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PREFACE 


This book is written as a sequel to the author’s elementary book on 
Steam.” It was prepared in the lirst instance as notes for the 
second-year engineering students in this college, and deals, in as simple 
a form as possible, with those branches of the subject which are of 
fundamental importance to a sound knowledge of steam-engine design 
and management. 

Modern students of steam engineering have a great advantage over 
their predecessors, in possessing such a wealth of recorded practical 
experience as appears in the Proceedings of the Engineering Institu- 
tions, as well as in the Technical Journals, and the writer has to express 
his personal indebtedness to all these sources of information in the 
preparation of this book. The assistance received is acknowledged, as 
far as possible, throughout. 

Special attention has been given to the subject of the heat quantities 
involved in the generation and use of steam. For this purpose the 
temperature-entropy diagram has been used, and its applications in the 
solution of a number of ordinary everyday problems exemplified. 

In this connection, as well as for many beautiful graphical methods 
of illustration now employed by engineers, students and teachers ot 
the subject are greatly indebted to the work of Mr. J. Macfarlane Gray, 
Capt. H. Eiall Sankey, the late P. W, Willans, and many others. The 
Vriter desires to express his personal indebtedness to Capt. Sankey for 
his kindness in supplying him with copies of his temperature -entropy 
chart, which appears for the first time, as Plate I. of this book. This 
chart has gone through an interesting process of evolution since the 
occasion when Mr. J. Macfarlane Gray read his paper at the Paris 
meeting of the Institution of Mechanical Engineers in July, 1889, 
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‘*Oii the Rationalization of Regni.ult’s Steam Experiments,” describing 
and explaining the use of the steam and water lines of the temperature- 
entropy chart. Since that time Capt. Sankey has added lines of 
constant pressure, and constant volume in 1892 ; and more recently 
also the scales of total heat and internal energy, as well as the chart 
for the superheated-steam field. All these additions now appear upon 
the chart as shown in Plate I. of this book. 

Other subjects dealt with include the compound engine, superheated 
steam, and superheaters, the use of high steam-pressures, valve gears, 
steam-engine governors, flywheels, and other engine details. There 
are also chapters on the balancing of engines, and steam-engine per- 
formance, embodying the most recent results obtained from all classes 
of engines ; and on modern steam-engine design, including the Corliss 
mill engine, the modern quick-revolution engine, the marine engine, 
and the locomotive. 

The author here desires to express his acknowledgments to Mr. T. 
Scott King for the valuable original designs, both of engine details 
and complete engines, which he has prepared for the author specially 
for this book ; also to Mr. J. W. Kershaw, M.Sc., for much valuable 
help, and to Mr. F. Boulden for kindly reading the proof-sheets. 

W. RIPPER. 


University College, Sheffield, 
Not^emherj 1899 , 



PREFACE TO THE FOURTH EDITION 

In the present edition a new chapter is added on the Steam Turbinei 
and a very full series of Questions with Answers has been append-ed, 
which covers the requirements of the vfirious public examinations on 
Steam, including the examinations o^ the Insticution of Civil Engineers, 
the Universities, and the Board of Education, Honours Stages, 


W. BIPPER, 


The University, Sheffield, 
September j 1905. 


SIXTH EDITION 

Considerable additions have been made to the chapter on the Steam 
Turbine. The Total Heat-entropy Chart introduced by Dr. Mollier 
has also been added, and its application to various practical problems 
in Steam Turbine work has been explained and illustrated. 

The author is inclobtod to the British Westinghouse Co., the 
Brush Electrical Engineering Co, and Messrs. G. and J. Weir for 
kindly supplying diagrams, and to Mr. J. W. Kershaw, M.Sc. B.Eng., 
for much valuable assistance. 

April, 19V2. 


SEVENTH EDITION 

Experience of the requirements of students preparing for University 
and other examinations in Steam Engineering has suggested the 
addition to this new edition of much valuable matter to the Questionts 
at the end of the book, which it is believed will be of great service to 
the private student. The additions consist of a large number of fully 
jvorked-out typical examples, carefully classified, and fairly fully 
covering the field of the subject required of the student by the 
Professional Institutions. 

W. RIPPER. 

University op Sheffield, 

July, 1914. 
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STEAM-ENGINE THEORY 
AND PRACTICE 


INTRODUCTORY. 

DEFINITIONS AND UNITS. 

Work is defined as the overconiing of a resist M,nce through a space 
by the application of a force, and the amount of work ((J) done is 
measured by the resistance (K) or the force (P") in pounds, multiplied 
by the distance (S) in feet through which the resistance is overcome 
or through which the force acts ; and the product is given in foot- 
pounds, thus : 

U = IIS = FS foot-lbs. 

The unit of work is the foot-pound, or the work done by a force of 
one pound acting through the space of one foot. 

The umit of work in metric units is the work done by the force of 
one kilogramme acting through the space of one metre = one 
kilogrammetre ; 

1 kilogrammetre = 7*233 foot-lbs. 

When the motion takes place round a fixed axis, as in the case of a 
crank, then the mean resistance (R) multiplied by the space traversed 
(27rr feet per revolution) gives the work done, and — 

U = 27rrR foot-lbs. per revolution. 

W^hen work is done by pressure upon a moving piston, as in steam- 
engines, it is measured by the product of the mean pressure p per 
square inch, the area of the piston A in square inches, and the length 
of stroke of the piston S in feet ; then — 

TJ = pAS foot-lbs. per stroke 

qf, if A be expressed in square feet, then the pressure per square foot 
P = p X 144. and — 

U = p X 144 X A X B 

ButAxf^ = V=: volume of piston displacement in cubic feet; 

A U = p X 144 X V = PV 

and if area of piston be 1 sq. ft., then V in cubic feet will be 
numerically equal to the length of stroke of the piston in feet. 

B 
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Work represented by an Area . — Since work is expressed as a product 
of two numbers, it way therefore be represented by the area of a plane 
figure; thus the work done on the piston of the steam-engine is 
represented by an area drawn by an “indicator/^ the length of the 
diagram corresponding *with the length of stroke of the piston to a 
reduced scale, and the mean height of the diagram giving the mean 
pressure on the piston throughout the stroke. 

Efficiency. — The total amount of energy received by an engine or 
machine of any kind is either used in the doing of rseful work or is 
wasted, and — 

energy received = useful work -}- lost work 

. useful work done 

einciency = — ^ . , 

total energy received 

Power is d(ilined as the “rate of expenditure of energy,” or the 
amount of work performed in a unit of time — 

power = pounds x feet mitiutc's 

The Horse-power. — The unit of power used by British engineers 
is the “horse-power,” which is equivalent to the performance of 
33,000 foot lbs. of work per minute; or 33,000 -f- 00 ~ 550 foot-lbs. 
per second ; or 33,000 X 00 = 1,980,000 foot-lbs. per hour. In heat- 
units the horse-power = 33,000 -f- 778 = 42'42 B.T.U. (British ther- 
mal units) per minute, or = ^12-42 X 60 = 2545 B.T.U. per hour. 

The French horse power (ch<*val) is 75 kilogrammetres per second 
= 75 X 7 '233 foot-lbs. = 542*5 f(X)t-lbs. per second, or rather less 
than the British horse power. 

1 horse-power = 1*01 39 cheval 

1 lb. j)er horse-power . = 0*447 kikigrammc per cheval 

1 kilogramme per cheval - 2 235 lbs. per horse power. 

Indicated Horse-power is the work done by the steam in the 
cylinder as obtained by the aid of the. indicator^ and expressed in 
horse power units. This power includes, of course, that necessary 
to drive the engine against external resistance, and that used to 
overcome the frictional resistance of the engine itself. 

units of work done per minute PLAN 
I.H.P. = - - == 33,000 

where P = mean eliective pressure in pounds per square inch on piston. 

A = eliective area of piston in S(|uare inches. 

= (diameter of cylinder in inches)'^ X 0;7854 less area 
of piston-rod. ^ 

L = length of stroke in feet, or distance travelled by pist^Mi 
from end to end of cylinder. 

N = number of strokes per minute, or ) for double-acting 
= number of revolutions X 2 j engines. 

= number of revolutions, for single-acting engines. 

= number of impulses per minute, for gas-engines. 

Example 1. — Find the indicated* horse-power of an engine with 
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H cylijider 12 in. diametei-, lon^rth of stroke 18 in., number of 
revolutions per minute 90, mean effective pressure per square inch 
on piston 40 lbs. 

The. I.H.P. =, 

(P_X X (L X I’t. per min. 

^ 33 66F^ ^ 

^ ^ X ( X 00 X 2)it per min. 

33,000 

4520 lbs. X 1:^/0 ft. per min. 

33;0'u0 

= 37 nearly 

Example 2.— An engine is rcijiiired to indicate 37 horse-power 
with a moan ellective pressure on piston of 40 lbs. per squfxre inch, 
length of stroke 18 in., number of revolutions per minute 90 : find 
the diameter of the cylinder. 

First lind the area from the formula — 


PLAN 

j.n.r. _ 

_ 33,000 I.H.P, 

“ “P X~L x N 
33,000 X 37 
“■ 40 X 1*5 X 00 X 2 
A, or area of piston, = 113 srj. in. 

From which the diameter may be obtained thus : 
Diameter = y/ = v"’ 


Brake Korse-power (B.H,P.) represents the power which the engine 
is capable of transmitting for the purposes of useful work, that is, the 
total power exerted by the steam in the cylinder less the power aljsorbcd 
in driving the e/igine itself. 

3'his power is measured — except where the engines are too largo — 
by means of a brake dynamometer. 


B.H.P. 

LH.P. 


mechanical efficiency of engine 


The efficiency of aAvholo machine is the product of the efficiencies of 
several parts. 

Practical Electrical Units—* 

Ampere = the unit of strength of current, or rate of flow. 

Volt = the unit of electro-motive force. 

Ohm = the unit of resistance. 

Coulomb = (ampere-second) = the unit of quantity. 

1 watt = 1 ampere X 1 volt = the unit of power. 
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1 watt = 0*7373 foot-lbs. per second 

== 0*0009477 heat-units pei* second (Fahr.) 

= horse-power. 

1 kilowatt, or 1000 watts, = 0*9477 heat-units per second 

= 13405 horse-power. 

1 horse power = 74b watts = 746 volt-amperes. 

volts X amperes i . • i i 
- - ^ = electrical horse-power. 

/ 46 

1 electrical unit = 1000 watt-hours. 

Other Useful Constants — 

1 cub. ft. of water weighs 62*3 lbs. 

1 gallon = 0*1605 cub. ft. = 10 lbs, of water at 62° F, 

A column of water 2*3 ft. high corresponds to a pressure of 
1 lb. per sq. in. 

1 knot = 6080 feet per hour. 

1 inch = 25*4 millimetres. 

1 metre 39*37 inches. 

1 cubic metre = 35*32 cubic feet. 

] kilogramme = 2*2 lbs. 

1 lb. = 7000 grains = 453*6 grammes, 
i lb- per sq. in, = 0*0703 kilogramnui per sq. cni. 

1 kilo. p(^r sq. cm. — 14*223 lbs. per sq. in. 

1 lb. of air at 0"^ 0. and at atmosi>heric pi*essur(i = 12*387 
cub. ft. 

1 cub. ft. of air at 0° C, and iit atmospheiic j>ressure weighs 
0*0807 lb. 



CHAPTER 1. 

THERMODYNAMICS OF GASES. 

Ifeat. — ITeat is a ^orm of molecular energy, and it may be converted 
into mechanical work by means of the change of volume which it 
produces in bodies acted upon by it. The medium through which 
work is done by the action of heat may be either iL,olid, liquid, or 
gaseous, and the nature of the substance used is a question of relative 
convenience or suitability. Thus, if an iron bar be heated, the bar 
expands, and if some form of resistance be int^^rposed to its expansion, 
then the woik done in ovei'coming the resistance = U = R X S, where 
Ji may represent an enormous force, and S a very small space. 

On the othei hand, if a gas be used as the working fluid,” and be 
heated in a closcfl cylinder behind a movable piston, then the work 
done by tlu^ lu^at through the expanding gas — 17 -= R X 5^, as before, 
where the resistance is comparatively small, and the space S moved 
through by^ th(5 piston is eomparativ^dy lai’ge. 

Engineers gcuKU'ally utilize the smalh^ forces acting through large 
distances, rath(U‘'than unmanageably large forces acting through small 
distances. 

If a quantity of h(‘at (Q) be applied to unit weight of any substance, 
it in(n‘eas(^s the energy contained in the substance, and its effects may 
ifi general be divided as follows : (1) Tt raises the temperature of the 
body ; that is, it increases the rate of molecular vibration. The heat- 
units involved in raising the temperature = S. (2) It causes the 
Ixxly to expand against its own internal la^sistances ; that is, it 
increases the range of molecular vibration. The heat so expended 
in doing internal work ks written p (i-ho). And (3) it does external 
work, E, by overcoming external resistance to expansion. 

Then Q 8 4- p 4- E 

In the case of the generation of steam from water, the internal 
work p is large and the external woi*k E is small. In the case of a 
perfect gas, the internal work is nothing. 

• Unit of Heat. — The llritish thermal unit (B.T.IJ.) is the heat 
required to raise 1 lb. of pure water one degree Fahrenheit, measured 
at a standard temperature, usually given as 39° Fahr., but more 
recently as G2° Fahr. 

1 B.T.U. = 0-252 calorie 
1 French calorie = 3 *908 B.T.U. 

Specific Heat. — ^Vhen equal weights of different substances are raised 
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through an equal range of teniporaturo, the quantities of heat involved 
are not the same in each case, hut vary in accordance with the thermal 
capacity of the substances. Thus, if an iron vessel weighing 62*5 lbs. 
contain a cubic foot of water also weighing 62*5 lbs., then, though 
both iron and water are at the same temperature, and are equAl in 
weight, they do not contain the same quantity of heat. As a matter of 
fact, the water contains about eight times the heat contained by the iron. 

The relative thermal capacity, or the ‘^specific heat,” of substances 
is defined as the amount of heat necessary to raise unit weight of the 
substance one degree measured at the standard temperature. A more 
correct term than ‘‘specific heat” would be “coefficient of thermal 
capacity.” 

Table op Specifio Heats, 


Water 

Glass 

Cast iron ... 
WroTiglit iron 
Steel (hard) 
Cnpptr 
Mercury ... 




Tunstant p. 

CdTiRtant V 

1000 

Air 

... 0-287 . 

. 0-109 

OTIH 

Oxygen . . . 

... 0-217 . 

. o-irm 

0T80 

H ydrogen 

... 3410 . 

. 2-412 

0 114 

Nitrogen ... 

... 0-244 .. 

0-178 

0117 

Suj)erhcated steam 0'4S0 ., 

.. 0-840 

OTOO 

0038 

Carbonic acid 

... 0-217 . 

. 0 158 


The specific heat of gases increases as the temperature increases. 

Temperature. — Tetnperiature is that quality of bodies which deter- 
mines the intensity of the heat-energy contained by them. If two 
bodies of diflerent temperature be placed near each other, heat tends 
to pass from the hotter to the colder till they both reach the same 
temperature. 

Temperature difference is that which d(derininos the transfer of 
heat from body to body, and the greater the clifi‘er(‘nce of temperature 
the more rapidly the heat flows. 

Difference of temperature is what renders heat-energy available f9r 
the performance. of mechanical work, and the gr'eator the diffcirence 
or range of temperature the greater the possible effici(mcy of the heat. 
The heat contained by a body at the ordinary temperature of the sur- 
rounding bodies is not available for the performance of mechanical work. 

The potential energy of high temperature may be compared to the 
potential energy due to a head of water. Thus, water falling from a 
height h and acting on a turbine, loses potential energy, which is 
converted into mechanical work at the turbine. The water loses 
potential energy, but not weight, for the same weight of water passes 
away as entered the turbine. So also, in the ca.se of a steam-engine, 
the steam supplied to the engine loses heat-enei’gy, but not weight. 
The same weight of steam passes away as entered the engine, but tly^ 
heat-energy which leaves the engine is loss than that which entered 
it by the amount which has disappeared by transmutation of heat into 
work. 

Heat supplied = useful work + heat rejected 

First Law of Thermodynamics. — The following statement is known 
as the First Law of Thermodynamics: “Heat and mechanical energy 
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are mutually convertible, and hert requires for its production, and 
produces by its disappearance, a definite number of units of work for 
each thermal unit.” 

The value of the mechanical equivalent the thermal unit as 
deteimined by Joule was 772 foot-lbs., sometimes called Joule’s equiva- 
lent, and written J . 

Recent investigations, by Rov/jaiid and mauv others, as to the exact 
valiie of J have led to the conclusion that 778 is a more nearly correct 
value for the mechanical equivalent, ,and this value will be used 
throughout. 

Thus 1 B.T.o. = 7rS foot-lbs. = J 

Second Law of Thermodynamics.— “ Heat cannot pass from a 
cold body to a hot one by a purely self-acting process ” (Clausius). 
That is to say, heat flows from hot to cold, but not in the reverse 
direction, and it is impossible, having once permitted a fall of tem- 
perature, as from the boiler furnace to the water in the boiler, or from 
the boiler to the condenser, to render the heat a\'aiiable for work by 
an attempt to return the heat by a self-acting process in the opposite 
direction. 

It follows from this law that no heat-engine can convert the whole 
of the heat supplied to it into work, but that, as soon as the tem- 
perature of the added heat has fallen to that of th(* surrounding 
atmosphere, the heat remaining, is no longer available for doing 
useful work. Also that if Tj be the highest absolute tempelvature 
available, and Tg the lowest absolute temperature available, ii- is 
impossible to obtain a greater efficiency than is represented by the 

fraction — tm ^ whatever the nature of the working fluid. The 
1 1 

truth of the-^e statements will be illustrated later. 

Effect of Heat upon Gases. — In order to understand more clearly the 
principles involved in the transformation of heat into work by steam, 
it will be helpful to consider first the simpler case of the action of heat 
upon air, which is ftubject approximately to very simple laws, and which 
laws, it is assumed, would be absolutely obeyed by a perfect gas, 

Boyle’s Law. — The product of the pressure P and the volume V of 
a perfect gas is a constant quantity when the temperature remains 
constant. 

PY = constant (at const, temp.) wliore ^ 

P = pressure per square foot, and V = 
volume in cubic feet. 

The constants for various gases have Fj 
feeen determined with great accuracy by 
Regnault. 

The value of PoV^ may be calculated 
thus : if the volume of 1 lb. of air at ^ 

32° Fahr. and at atmospheric pressure (760 v 

mm.) be 12 387 cub. ft. per pound — 

P^Y„ = constant 

14-7 X U4 X 12 387 = 26,220 foot-lbs, 
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If a number of rectangles of equal areas PoV,>, PiV^, P0V2, be drawn, 
then the line joining the points a, b, c is an isothermal line, or line of 
constant temperature. Here P ^ aries inversely as V, thus — 

PV - constant ^ 

2 Px^V- 

3P X iV = ^ „ etc. 

Law of Charles. — Under constant pressure, equal volumes of 
diflerent gases expand equally for the same increment of tem- 
perature, and the volume changes proportionally to the absolute 
temperature. 

The product P„V(, being given for a gas at U, or 32° Fahr., then the 
value of the constant for any new PV due to change of temperature, 
being proportional to the absolute temperature, may be found thus : 

PVi PoV„|^ 

Dut P„V„ 26.220, and T„ = 32 + i6l = 493 
T 2 (>‘>20 

= 20,220 = ^“3 T, = r)3-2Ti nearly 

This e(|uation for a perfect gas is written PV - PT, where R is a 
constant depending on the density of the gas. For air the constant 
R = 53-2. 

Absolute Temperature.— It is found by experiment that when air 
is heated or cooled under constant pressure, its v»)luiiie increases or 
decreas(^s in such a way that if the voluiiit; of the g.as at freezing- 
point of water be 1 cub. ft., then its volume, when heated to the 
boiling-point of water, will have expanded to 1*3054 cub. ft. 

Or, inv(‘,rsely, if the volume remain constant, and the pressure 
exerted by the gas at freezing-point - 1 atmosphere, then the pressure 
at boiling-point of water = 1*3054 atmospheres. 

These results may be set out in the form of a diagram (Fig. 2). 
Thus, draw a vertical line to repre.sent temp(iratures to any scale, and 
mark on it juants representing the freezing-point and boiling-point ol 
water — marked 32° and 212° respectively. From 32° set out, at right 
angles to the line of temperature, a line of pressure ah - 1 atmo- 
sphere to any scale, and at 212° a lino cd = 1*3()54 atraos] dienes to the 
same scale. Join the extremities dh of these lines, and continue the 
lino to intersect the line of temperatures. 

It is assumed by pliysicists that, since the pressures vary regularly 
per degree of change of temperature between certain limits within 
the range of experiment, they vary also at the same rate beyond that 
range, and, therefore, that the point of intei'sc^ction of the straiglA 
line dh produced gives the jxjint at which the pressure is reduced to 
zero. 

So long as the gas exerts any pressure, it is presumed to exert that 
pressure by virtue of the heat-energy contained in it ; the point, 
therefore, of zero pressure is reckoned as the point of zero temperature 
on the absolute scale. Then — 
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oa + 180 : o.' t : 1*3654: : 1 
or oa = 492*6 

that is, the zero of absolute oemperature is 492*6 below the freeziog- 
point of water, or 492*6 - 32 = 460*6 below zero :'"ahrenheit. Calling 
this 461, and wi^iting T for temperature 
absolute, and t for temperature bj ordi- 
nary scale, then— - 

T = 461 -h < Fahrenheit 
or, T = 273 + < Centigrade 

Also, if Pj and Vj be the piessure and 
volume of a gas at absolute temperature 
Tj, then at constant volume and change 
of absolute temperature to T., its pressure 
To 

= Pi X ; or its volume at constant 

T. 

pressure at temperature T 2 = X 

Internal or Intrinsic Energy (Joule’s 
Law). — When a gas expands without doing 
external work, its temperature remains 
unchanged. 

This law was arrived at by Joule in 
the following way : — 

Two copper vessels, A and 11, wore 
connected by a tube as shown. One 
vessel was exhausted by an air-pump so as to produce as nearly 
as possible a perfect vacuum, and the other was lilled with com- 
pressed air, at a pressure of 22 atmospheres. The vessels were then 
immersed in water. 

When the stopcock was turned, the compressed air in A rushed 
into the empty vessel B, The temperature of the water surrounding 
the vessels was taken, before and after, with 
a very delicate thermometer, but no appre- 
ciable change was noted. When the vessels 
were immersed in separate ve.ssels of water, 
it was found that when the stopcock was 
opened and the gas rushed from A, the water 
surrounding it fell in temperature, while the 
water surrounding B at the same time in- 
creased in temperature and by the same 
fVnount. The setting the mass of air in 
motion absorbed heat from the one vessel, which was restored again 
in the other vessel when the motion was destroyed. The net result 
was that there was no change in the temperature of the gas. The 
temperature of a gas is «a measure of its internal or intrinsic energy, 
find in the above experiment, since there was no loss of temperature 
there was no loss of internal energy. 

From this may be deduced also — 



Fi(i. 3. 
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1. That thfi heat or intrinsic energy of a gas may be converted 
into the kinetic energy of molecules in motion, with corresponding 
loss of temperature, as when the cooled on rushing from A. 

2. That the kinetic energy in the moving molecules of a gas will 
reappear as heat if the moving mass is brought to rest, as when* the 
temperature increased in the vessel B. 

' Specific Heat of Gases (Regnault’s Law).— The specific heat is 
the amount of heat in thermal units required to raise unit weight of 
the gas through Y Fahr. The specific heat of a substance varies 
according to the conditions under which the substance is heated. 
Thus, if heat be applied to 1 lb. of gas in a closed vessel, the gas is 
said to be heated at constant volume, and the heat required to raise its 
temperature one degree is written C„, which stands for specific heat 
of gas at constant volume in thermal units; C„ X 778 = ELy, or the 
specific heat at constant volume expressed in foot-pounds. 

When the same weight of gas is heated in a cylinder having a 
movable piston under a constant external pressure, if the tempera- 
ture be raised one degree as before, the volume increases, and there- 
fore work is done in pushing the piston out against the external 
pressure, as, for example, that of the atmosphere. 

This is heating under constant pressure. The heat-iinits required to 
raise the temperature one degree under constant pressure is written 
Cp, and it is greater than owing to the extra heat required to do 
the work of moving the piston against external resistance, in addition 
to raising the temperature of the gas ; and X 778 = = specific 

heat at constant pressure in foot-pounds. By the measurements 
of Kegnault, the value of for air = 0T691 thermal unit = 13T6 
foot-lbs, =: K„. The value of for air = 0*2375 thermal unit = 184*8 
foot-lbs. = K^. 

The effects of heating a gas under constant volume or constant 
pressure may be represented by diagrams as follows : — 

’ Take a point a between the axes of pressure and volume, so that 
OP is its pressure and OV its volume for 1 lb. of gas. Apply heat to 



it when the piston is prevented from moving ; then the pressure will 
rise, as shown by the vertical line ah ig* 4), and its temperature 
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will risfi, as shown by the inters^tion of the line ah with isothermals 
of higher temperature. 

Here the whole of the heat-energy applied has been absorbed in 
raising the temperature of the 1 lb, of gas. No external work has 
been done, work< being measured by the product ±*(V — Vj), and here 
(V - VO = 0. 

The heat absorbed = K/T», Tj) * toot-lbs. per pound, and this 
represents the increase of internal energy per pound. 

If now the heat be applied U> the gai| nclosed in a cylinder under 
a movable piston, the external pressure being constant, the heat 
absorbed will not only raise the temperature of the gas from T, to Tg 
as before, but willnlo work in moving the piston from ¥ to Vj against 
external resistance P (Fig. 5). 

Then the line ah will represent the line of constant pressure, 
and the cross-lined area = work done - P(OV, — OV). The heat 
absorbed = K^,(T 2 — T^) + P(OVi - OV) foot-lbs., per pound. 

The total heat expended per pound under these conditions is equal 
to the number of degrees rise of temperature multiplied by the specific 
heat at constant pressure = Kp(T.i — Tj). And (the total heat 
expended) — (heat expended in external work) - heat expended in 
internal work; or since P(OVi — OV) = R(T 2 — Ti)— 

K^(T, - T.) - R(T, - TO = (K, - R)(T, - TO 

But heat expended in internal work per pound and per degree rise 
of temperature is equal to the specific heat at constant volume - 

.*. (K, -H)(T.2 -T.) = K.(T2 - TO 
(K,-R)-K, 

R = K,, ^ K„ 

that is, R = the difference between the two specific heats expressed 
in foot-pounds. 

The ratio of the specific heat at constant pressure to the specific 
heat at constant volume K„ is much used in thermodynamic problems, 
and is expressed by the Greek letter gamma, thus — o 



It has been shown that — 



Work done during Expansion. — When a gas expands in a cylinder 
under a movable piston, if the piston were moved by some external 
force, then the volume and pressure of the enclosed gas would change, 
but the temperature would remain constant (providing there were 
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no losses by radiation, etc.).^ Therefore the curve indicating the 
varying condition of the gas as to pressure and volume would be an 

isothermal curve. If, however, the piston 
were moved at the expense of the heat- 
energy stored in the enclosed gas, or, in 
other words, at the expense of its intrinsic 
energy, then external work would be done 
by it and heat-energy expended ; hence 
the pressure of the gas would fall below 
the isothermal, and if no other heat in- 
fluences have been introduced, such as loss 
of heat by conduction through cylinder 
walls, or gain of heat from some external 
source or internal chemical action, then the curve described would 
be what is known as the adiabatic curve (adiabatic meaning literally 
no passage of heat to or from the expanding gas). 

These two curves — the isothermal and the adiabatic — are of great 
importance in the theory of heat-engines, but they both represent 
ideal conditions which are only approximately realized in practice. 

^ Jf, du^'ing the expansion of a given weight of gas, heat is added 
so as to keep the temperature constant, then the inl-rinsic energy 
of the gas is also constant (see Joule’s Law), and the heat expended 
in doing external work during cxpansitui is exactly balanced by the 
heat supplied to retain the gas at constant tempeniture. 

The work done during isothermal expansion is given by the area 
ahdc enclosed Ix^tween the hyperbolic curve, the two vertical ordinates, 
and the zero line of pressure. 

This area may be supposed to be made up of a number of inde- 
linfudy narrow str ips, the area of each being 
e([ual to X dv, whei’e p = pressure, and 
dv the indeiinitely small width of the strap. 



Fig. 6. 



Fig. 7 


Then, PV = PiV, = or nslant, prcFBuru at 

P V 

V = P= Y \ where V = vuluiiio OV (Fig. 7), 
P V 

and area of Btrip dv - V?V. lulegratiiig be- 
tween the limits V, and \\ 




dY 


^2 dY 
Y 


Y. 


log. Y^ = log,.r 


where r = ratio of expansion ; or, since Pj V, = PV = RT, P^V, log. r = RT log. r. 


The expression RT log,, r measures not only the work done during 
isothermal expansion, and therefore the heat expended, but also the 

* This would not be true for steam^ as the tempf. ratun; of saturated steam 
Varies with the pressure under all cireumstances. 
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heat supplied to balance the loss aad to retain the constant tempera- 
ture, or constant iHfcrinsic energy of the gas. 

Work done d^riDg Adi2|,tatic Expansion.— During adiabatic ex- 
pansion the work done is less than that done during isothermal expan- 
sion, owing to the fact thet during adiabatic expansion the work is 
done at the expense of its own intrinsic erergv alone, and the amount 
of heat in the gas as the expansion proceeds bt^^omes less and less. In 
any case the change of internal energy and t.he amount of work done 
per pound of gas ~ K„(Tj — T^). 

The adiabatic exf ansion carve for a gac is a particular case of the 
general formula PV" = constant, and is written PV’ = constant, 

where y = the ratio of die specific heats = =1-4 for air. 

JV,, 

The area enclosed by a curve of this form is obtained thus : 


: P'PfZV 

J V, 


but rv“ = r,v," 

T> V u 
. p _ 1 1 I 


’ dV 
'■dv 


a- = J 

-rv»r"^ 
'J v.V" 

= r.v,” j ^ V - 


= P.V," 


= P.v.'-r V7^+'1V. 

L -»14- 1-JV, 
1 — 

_p,\VOV-»- 

n — I 

_ r,v,»v/ 

n — 1 

_ P.V, - P,V, 
n — 1 

This may also be written — 

aroa = * 

— 1 

/ v.^-« - 


JVll. 


n 1 


« — 1 


0) 


» — 1 


- . (3> 
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Then, dealing with a cubic foot of gas, since = pressure per 
square foot = P, work done during expansion from to 


144 X 




— 1 


/■ V, ^ » p., 

Also r,Vi“ = PjjVj" = constant ; y J = p' ; 

•■■v; =(;■■;)- 

Therefore work done during expansion between pressures and P 2 


144 : 


— 1 




The above eijuations (1), (2), and (3) give tlic work done per cubic 
foot of g;)s during expansion only, and with zero back pressure. 

'I'herefore the total work done during admission and expansion 
against back jircssure P.^ 


= „ „ i(r,v, - P.v.) + TiV, - P.v, 


Relation between Volume, Pressure, and Temperature for a Perfect 
Gas. 


P,V, = RTi ; PjV. = KT, 


KV., To. 
'PiV,==T, 


For adiabatic expansion, also PiV^ = P^Vo 

T, Pi V 7 P. V. / V Xv " ^ 

therefore multiplying, ^ ^ ( M 

P.v/PiV, 


also 


i\ " VP,^ 


P,\r-‘ 

y 


. m m . . V . V 

. . X j . -L 2 • • ^ 2 • ] 

7-1 7 -; 

andl\: T, :;Pj y : P2 y 

I 1 

y.^: V,:;P7:P2V 

Y Y 

V, : V, ::P,:P, 


« 


Example. — Air is drawn into an air-coin pressor at 60^ Fahr., or 
521° absolute, and at atmospheric pressure : find the temperature 
when the pressure is raised to four atmospheres without loss of heat 
by cooling. 
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Then from equation- 
* 


x..T.(;;)V 


may 


be ob- 



= 52^(4)^^' 

logT, = log 521 + JrJlog ^ 

= 2-7168 + (0'29 X 0-602) 

--- 2-891 i . 

1 . = 779^ absolute, or 318'" Fahr. 

To find the mine iff n in the ci^mtion FV'* - constant, 

1. Let ah be a portion of the curve of the form P\ constant. 
Take any point p in the curve, and 
draw a tangent to the curve from p, 
intersecting OY and OX in c and d ; 

1 cc of , . , 

then =~j = w, which 
eo fd 

tained by measurement. This method 
may bo applied to indicator diagrams 
when ep = total volume of gas (in 
eluding clearance), and OX = zero lino 
of pressure (absolute). 

2. The value of w may also be obtained 
by taking any two poiiits on the curve ; 
then using the equation — 

P.V, - F.V, 

area = , 

w — 1 

(except when ri ~ 1 , when the formula fails). 

3. Since PV'‘ ^ PiV/^ = constant- 

log P -|- 11 log V = log P^ n log Yj 
_ log P, - log P , 

•• ”-]ogV-]ogv; 

Heat-Energy represented by Areas.’— When heat is applied to 
a perfect gas— that is, a gas in which none 
of the heat added is absorbed in doing work 
to overcome internal resistance, but all the 
heat goes either to increase the temperature 
or to do external work — then the quantities 
of heat involved may be represented by areas 
as follows : 

• 1. Lot A represent the condition as to 
pressure and volume of 1 lb. of gas at a 
given temperature ; and let the gas expand, 
doing work by virtue of the heat-energy con- 
tained in the gas, but without loss or gain of 
heat externally. Then, when the gas has expanded indefinitely until 

’ See Papers by Dr. Oliver Lodge, Engineer, January. T894, 
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the whole of the intrinsic energy has been expended by conversion 
into work, the temperature will have reached absolute zero. The 
work done, and therefore also the intrinsic energy of the gas at the 
beginning — in condition represented by point A — will be represented 
by the area enclosed by the lines Ac, cX, and the adiabatic curve Aa 
prolonged to meet OX (Fig. 9). 

If expansion continue to zero temperature and pressure, then — 

P,V, - P,V, 


But 0, 


area = y 

y - 1 


area = 


y-1 - 


RTi 

y-l 


= K„T, 


either of which expressions represents the intrinsic energy of the gas 
in state A.^ 

2. If heat be added to the gas in state A at constant volume till its 
temperature rises to B, then, if adiabatics be drawn through A and B 
(Fig. 10), area XcAa represents the intrinsic heat-energy in the gas 
in state A, XcB?» the intrinsic energy in state B, and the area nABh 
represents the additional heat required to change the state of the gas 
from A to B. 

Since tlie internal energy in a given weight of gas depends on the 
temperature, then, if temperature at A = Tj and that at B = Tg, 
considering unit weight of gas — 

area aAB?>= K/T., — T^) 


3. For any change*, of state from A to B accompanied by addition of 
heat, if adiabatics be drawn through A and B, area aXBh gives the 
heat received by the gas during the change from state A to state B. 

But during expansion from A to B work has been done represented 
by area cABd (Fig. 11), and therefore the total heat applied = in- 




trinsic energy in B -f work done in passing from state A to state 
B - intrinsic energy in A ; 

that is, XdB& -f cAB/? — XcAa =: aABh ~ heat supplied 
If the temperature of the gas at B is greater than that at A, then 

? To draw an adiabatic cuiwc, »ec Appendix, 
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the intrinsic energy at B is greeter than at A, and the beat added to 
the gas at A is more than that required merely to do the work cABd 
4. Let now the path A to B be situated as in Fig. 12, where B 
falls below the adiabatic through A. Here no hr it has been received 


Fkj. 12. Fig. J3. 

from external sources ; on the contrary, loss of heat has taken place 
represented by area hP>Aa. And intrinsic energy of gas in state 
A. = work done during expansion A to B*+ intrinsic energy remaining 
in gas in state B + loss of heat during expansion ; or — 

area X(Aa = cABd -f- AdBh + hBAa 

5. An important case is the one in which the heat added to a 
perfect gas during expansion is the exact eijuivalent of the work done, 
and therefore tlie temperature at the end of the operation remains 
the same as at the beginning. This is the case of isothermal expansion. 

Here, since AB (Fig. 13) is an isothermal, or line of cojistant tem- 
perature, the intrinsic enei*gy of the gas is constant at any point in 
this line independently of pressure or volume. Intrinsic energy in 
A = Xc’Aa. Heat added during expansion A to B = aABh, But 
energy at A + heat added = energy remaining at B + work done ; or 

XcAa -f aABh = XdBh + cABd 
But XcAa = XdBh 
aABh = cABd 

that is, the heat added to a perfect gas during isothermal expansion 
is the exact equivalent of the work done. 

The relation of the four areas marked W, X, Y, Z (Fig. 14), to the 
quantities of h(?at involved in the change 
from A to B when AB is an isothermal lino ^ 
is as follows : — 

W -f- X = work done 

X -^Y - heat received ecpi valent to work 
done 

W -f Z = intrinsic energy in gas at A 
Y -f Z = intrinsic energy in gas at B 
W = work done at expense of intrinsic 

energy originally present at A ^ 

X = additional work done by heat re- 1^'iG. 14. 

ceived during operation AB 
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Z c residuni energy remaining of ordinal energy at A 
Y = additional heat-energy to maintain constant intrinsic energy 
of gas during expansion alcng the isothermal line AB 
Work done during Compression. — If a quantity of gas, in state A 
as to pressure and volume, be compressed in a cylinder under a 

movable piston, then, if the compression 
take place slowly, the heat due to the 
work done upon the gas, instead of in- 
creasing its temperature, may be supposed 
to be dissipated through the sides of the 
containing vessel. In this case the tem- 
perature would remain constant, and the 
pressure would increase in accordance 
with Boyle^s Law, and the curve of com- 
pression would be given by the isothermal 
curve AB. If, however, the compression of the gas is supposed to take 
place quickly, then the heat due to the work done upon the gas will 
increase the Uunperaturc of the gas, and the pressure will also rise, 
in consequence of the increased temperature, above that during 
isothermal compression, and the curve of compression will be given 
by a curve AC above AB. 

The work done upon the gas during isothermal compression is the 
same as the work done by the gas during isothermal expansion, and 

is given by the expression PiVi log^-y^; or = IlTj log^r where Vj is 

the original and Y,_ the hnal volumes, and Vj Vo = r. 

Similarly, the work done upon the gas during adiabatic com- 
pression is the same as the work done by it during adiabatic 
expansion — 

PjY, - PijVij 

~ r - J 

These principles may bo illustrated by taking the work clone in 
an air-compressor (Fig. 16) on 1 lb. of air. During the suction stroke 
from O to M, the volume V, at pressure Pj is drawn into the cylinder. 
On the return stroke the air is confined, and as the volume decreas(^s 
the pressure increases finally to P 2 , at which pressure the air is forced 
iiito the mains. If, during the operation of compressing the air, 
the heat due to c^ompression i.s all removed by some method of 
cooling, the temperature of the air will remain constant, and the 
lino of pressures will follow the isothermal curve NE. If, howov(*r, 
the air is not cooled during compre.ssion, but all the heat due to 
compression bo retained, then the line of pressures will follow th^ 
adiabatic curve NF. In practice the actual curve takes some position, 
NG, between the isothermal and adiabatic lines. 

During tiie suction stroke BN the work done = 

During compression NF up to pressure the work done 

_ - Pt^'i 

- r 
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During the cl ilivery of the air FA against constant pressure the 
work done - The net work (U) of compression from to 

and delivery at p-j per lb. of air = 
area BAk'N. 




But 
U = 




_ i(pA - PlVi) 

m _ 1 ) 

Pl^l " ^ 


« - 1 ( \2h 


- 1 


i 


The work clone upon the? gas 
by compression from pi to p, is 
converted into heat and increases 
the temperature of the gas, thus — 





The mean elective pressure during compression and delivery 

IJ -f- r — 




When the compression is adiabatic, n = y - 1*4. 

Carnot’s Cycle.— A cycle is defined as a series of operations through 
which a substance is passed, the substance being brought back 
linally to the same state in all respects as that from which it started. 
The area enclosed by the cycle is a measure of the net or useful work 
done. 

The cycle of operations known as Carnot’s cycle for a perfect or ideal 
heat-engine consists of four stages, illustrated as follows : — 

Let a cylinder contain unit weight of gas enclosed under a 
movable piston, and let there be an indefinite supply of heat at 
constant temperature, Tj ; also a lower limit of temperature, T.,. 
Then, assuming no losses due to radiation, conduction, and 
friction — 

•l. Let the temperature of the gas in the cylinder to start with be 
the same as that of the source of heat, namely Tj, and let the cylinder 
be in contact with the source of heat. Then, if the gas at state point 
A (Fig. 17) in the cylinder expands, doing work on the piston, and at 
the same time a supply of heat from the source passes into the gas, 
maintaining the temperature constant at T,, the, change of pressure and 
Volume will be represented by the isothermal line AB. During this 
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prO®js the work done = aABb, At the same time a quantity of heat, 
Qj, has been given to the expanding gas— 

= aAB6 = XABY 

2. Let the supply of heat be cut off at B, and let the gas continue 
to expand without any further communication of heat. Then the 

pressure will fall more rapidly, and 
the temperature will no longer be 
maintained at Tj, owing to the loss 
of heat in the performance of 
external work, which has been 
done at the expense of the intrinsic 
energy of the gas ; £^,nd let the 
temperature fall to the lowest tem- 
perature, T 2 , during which the ex- 
pansion curve BC is described. The 
wH)rk done during B(J = hijCc. This 
completes the forward stroke. 

3. By the aid of a 11 y wheel or 
other means, let the return stroke 
now be made ; but let the cylinder be now placed in contact with 
an indefinitely large cooling arrangement, rej)resonted by the lower 
limit of temperature, To, the teu:perature of the gas at C being 
also Ty. There is at first no transfer of heat. But, as the gas is 
compressed behind the piston whih^ it returns, the immediate eflect 
is to increase the temperature of the gas ; but, being in contact with 
the cooler at temperature T,, the temperature r(unains at T 2 during 
the time the compression is going on. Let the compression continue 
till the piston reaches point D,'when communication with the cooler is 
closed. 

The point is so chosen that the adiabatic through I) passes 
through A. 

During this third opera-tion the piston docs work on the substance, 
the amount of which is negative and is equal to the area cCDd. 
At the same time a ((uantity of heat, — Q.^, has been rejected to the 
cooler — 

y, =: rCDd = XDCY 

4. Continuing the compression, no heat can now escape, and the 
pressure and temperature rapidly rise; the compression line DA is 
described, and the substance is restored to A at T„ w'here its condition 
is now in every respect the same as at the beginning of the series of 
operations. The work done during the compression DA is negative, 
and is *= aAJ)d. 

The net work (W) done is the algebraic sum of the work done 
during each of the separate operations; thus, using the symbol Wj 
to represent work done during the first operation, namely, expansion 
AB — 

w = W, + W3 ^ W3 - w, 

- area ABCD 
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These quantities may be stated in detail thus, using for p* re 

at a, and for volume at a ; then — 

(1) W, = log, 

since AB is an isothermal line. Tliis also represents heat taken 
in by gas during expansion AB = O .= aJ.Bb ~ XABl 

(2) No heat taken in or rejected. Work done by gas during 
adiabatic expansion BC = W^,- 



loss of internal energy = K,(T, — T^) 

(o) Heat rejected during operation CD = Wg— 

’VV log,, y' 

= Q, =r cCIki = XDCY 

(4) No heat taken in or rejected. Work done on gas during 
adiabatic compression DA = — 



gain of internal energy = K„(Ti — T;,) 

In operations (2) and (4) the loss and, gain of heat are equal 
and balance each otliei* ; also comparing the work done in the two 
cases Wo and W4, it will be seen that the equations are equal, for 
itd’a = since a and b are on the same hyperbolic curve. It 
has also been shown (p. 14) that, since AD and BC are adiabatic 
curves — 


yj -T,- \V.J 


Comparing stages (1) and (3) — 


wo have 


V. 

v:; 



therefore from (1) Wj Pa^.t y* 

y'* 

and from (3) W., = log« y 

» a 


RTj log, r 
UTo log, r 


Then the difference between heat absorbed in (1) and heat rejected 
in (3) = heat converted into work = R(Ti — Tn) log, r. 

* But total heat received = RT, log^ r 


therefore efficiency 


R(T, - T,) log,r_T,^ 
IIT, log, r Ti 


From a study of the statement of the Carnot efficiency, it will be 
evident that “ between given limits of temperature the efficiency of an 
engine is the greatest possible when the whole reception of heat takes 
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plao€^ a»t the highest limits and the whole rejection of heat at the 
lowest.” 

The greater the range of temperature available, the nearer the 
T — T. 

fraction — - approaches unity, and therefore the greater the 

value of the efficiency of the engine, other things being equal. 

The range may be increased by increasing the value of T^, or 
decreasing the value of T^. 

Suppose an engine to work between the temperatures 300^ Fahr. 
and 60*^ Fahr. Then its maximum efficiency 

T^-T^ 761 - 521 ^ 

= ^ = 0*315 = 31*5 per cent. 

It will therefore be seen that the quantity of heat which is rejected 
at T 2 is necessarily large even under the best conditions, and that the 
efficiency is of necessity far removed from unity. 

The value of the fraction increases as Tj increases, and this is the 
direction in which improvement continues to be made from time to 
time in the steam-engine, and it has been carried to a still greater 
extent in the gas and oil engine. 

The lowest practical limit, T^, is the temperature of the surrounding 
atmosphere. 

It may assist the student if the action of heat-engines, working 
between given limits of temperature, be compared with the action of 
the water-wheel working between two different water-levels. The 
water-wheel is a device for using the diflerence of water-kn^el, while 
the heat-engine is a device for using difference of temperature, in 
both cases for the purpose of doing useful work. 

In the case of the wat(^r-whecl, it is cAudently essential to maximum 
efficiency that full use should be made of the difference of k^vel ; tliat 
no part of the height is wasted before the* water roaches the wheel or 
aftfjr it leaves it. In other words, to take full advantage of the 
height, the wheel should receive its wafer from the highest level and 
release it at the lowest. 

V/e might push the analogy a step further to illustrate the prin- 
ciple that reversibility is a condition of maximum efficiency. ]<7>r 
suppose some external mechanical power to work the water-wheel ; 
then, if the direction of rotation of the wheel be reversed, the wheel 
might be made to transfer water from the lowca* level to the higher 
level, providing that the wheel, when working normally, received 
water at the highest level and rejected it at the lowest ; any fall at 
either side of the wheel would prevent it from being reversiblo^ 
This analogy is due to Carnot. 

If the reversible water-wheel just described were turned in the 
reverse direction by a second water-wheel (made somewhat wider, 
so as to make it, say, 20 per cent, jnoro powerful), then the first 
wheel might be made to lift the water back again from the bottom 
level to the top. 
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If, however, the water-whoel were reversed by means of a heat- 
engine instead of by another water-wheel, then, with the ordinary 
commercial engine, ther heat expended wilt be from five to fcen times 
as great as that actually converted into work, SO to 90 per cent, of 
the heat being rejected at the exhaust of the engine. 

From this we see that when work is done by gravitj’- or transferred 
as work in any way, the loss is moiely that due to the Trlction of the 
machinery of transmission, and need not be more than perhaps 20 
per cent. ; whereas when work is done by t’^ahsmutation of heat into 
work, there is always a necessary and unavoidable loss of at least 
70 per cent, of the heat, when working between the limits of tempe- 
rature at present tned in steam-engines, and a further loss of fiom 
10 to 20 per cent, from causes which are more or Jess prcventible. 

Tt appears, therefore, that w^ork obtained by means of heat-engines 
is a somewhat costly commodity, and it is therefore important to 
strive to obtain as high a percentage as porsible of the heat actually 
available as work. 

From what has been said, it will be evident that though, by the 
first law of Thermodynamics, heat and work are mutually con- 
vertible, all the work which can be obtained by the conversion of 
the heat will not be available as useful work. Thus, when speaking 
of the heat value of 1 lb. of coal as 14,000 heat units, and expressing 
the same as units of work, we write — 

14,000 X 778 = 10,892,000 foot-lbs. 

But it is a mistake to suppose that this number of foot-pounds of useful 
work can be obtained from 1 lb. of coal, as only about 30 per cent, 
of it is available for the performance of useful work under the most 
perfect conditions within present limits of temperature. 

By a consideration of the areas, Figs. 10, II, 13, and 17, it will bo 
seen why it is not possible in any case to convert into useful work 
the whole of the heat added to a working fluid. Thus, suppose 1 lb. 
of air at atmospheric temperature, say GO®, is heated to oOO® Fahr., 
and the gas is expanded behind a piston, doing work until the 
temperature has again fallen to 60®. It naight be thought that the 
whole of the heat in this case had been converted into useful work ; 
but it is not so, because during the expansion of the gas — in addition 
to the useful work done — it has been doing work against the back 
pressure on the other side of the moving piston ; and it would only 
be possible to convert the whole of the heat into useful work provided 
the gas Was expanded against absolute zero of pressure and tempera- 
ture behind the piston ; also that the expansion of the gas itself was 
(Continued down to this limit, namely, the absolute zero of tempera- 
ture and pressure. The loss due to incomplete expansion and to 
work done against back pressure accounts for the large loss of heat 
rejected at the exhaust in all heat-engines (see Temperature-entropy 
diagrams. Chap. III.). 

By the second law of Thermodynamics, it is not possible to expand, 
to any useful purpose, below the temperature of the surrounding 
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atmosphere, and there are many practical objections to expanding 
as far as this, especially that of excessive dimensions of the engine. 
Increase of practical efficiencies must therefore be obtained in the 
direction of increased initial temperatures, as very little improvement 
can be expected at the lower end of the scale. 

These statements may be summarized as follows : — 

2. TForj^r transmitted as worl&y as from one machine to another. The 
possible eMciency may reach nearly 100 per cent., depending only on 
the loss of friction. 

2. Heat transmitted as heat^ measured as heat units and indepen- 
dently of temperature ; as from the furnace to the water in a heating 
apparatus. The possible efficiency may reach perhaps 90 per cent., 
depending only upon the difference between the quantity of heat, Q„ 
generated by the products of combustion and the quantity, Qo, rejected. 
The efficiency = (Qi — Qo) Q^, where Q = quantity of heat as distin- 
guish(id from temperature. 

3. Worh c(uiVerted into liCMt, as in the case of the friction brake. 
Here the efficiency will be 100 per cent. 

4. Heat converted into lonrh. Here the efficiency always equals 
(Qi — Qj) *4- Qi, where Qi = beat received, and = heat rejected 

But this practical efficiency, always falls short of the 

Qi 


T ^ Tn 

efficiency, ^ tf of a perfect engine. 

ij 

Within the present limits of temperature u.sed in steam engines, 
the efficiency of the perfect engine cannot exceed about 30 per cent. 
The actual efficiency of steam-engines varies from 2~ to 20 per cent. 



CHAPTER II. 

FROPERTIES OF STEAM. 

The volume of 1 lb. of water at its temperature of maxiuium density 
= 0*016 cub. ft. At higher temperatures its volume per pound in- 
creases, and is obtained by multiplying 0*016 by a factor, the valu«) 
of which, as determined by Him, is as follows : — 


Tempenituro. 

Factor. 

212° Faiir 

1*0431 

284° .. 

10795 

3.50° „ 

M27 

302° „ 

M59 


Let heat be applied to 1 lb. of -water at 32° Fahr., enclosed in a 
cylinder under a movable frictionless piston exposed to atmospheric 
pressure externally, and suppose the area of the piston to be 1 
sq. ft. Then, neglecting the weight of the piston, the pressure on 
the piston = the pressure of the atmosphere - p lbs. per square inch 
= X 144 lbs. per square foot = P. 

The effects of heat upon the water are — 

1. The temperature rises, but the piston remains stationary, except 
for the small expansion of the water, till a certain temperature is 
reached depending on the pressure on the piston. This temperature 
is called the hoiling-pDint, and it varies as the pressure on the water 
varies, thus : 


Pressure on water. 

«1 lb, per square inch 

6 91 99 

10 „ 

14*7 (atmospheric pressure) 
20 lbs. per square inch 
100 

350 „ „ 


Boiling-point. 
102° Fahr. 
162° 

194° „ 

212 ° „ 
228° „ 
328° „ 

432° „ 


2. As soon as the water has reached the boiling-point, though the 
application of heat is still continued, there is no further rise in 
temperature, but steam begins to form and the piston to rise against 
external pressure. Meantime the water gradually disappears, the 
weight of steam formed corresponding to the weight of water which 
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disap|)ears, till the whole of the 1 lb. of water has been converted 
into 1 lb. of steam. The steam during formation remains at the 
same temperature as jbhe water from which it is produced. The heat 
added all the while evaporation is taking place is termed latent 
heat, ' so called because the continued application of heat during 
evaporation does not raise the temperature, and it was not clear to 
the early experimenters what became of this heat. 

3. The water having been completely evaporated, if the heat bo 
still further continued, the temperature, instead of remaining con- 
stant as before, will again begin to rise, now that the steam is no 
longer in contact with water ; and the piston will also continue to 
rise higher; and the result will be the formation of Evperlieated 
steam at constant pressure, but increasing volume and itjcreasing 
temperature. Steam is said to be “ superheated ” when it is heated 
above the temperature of the boiling-point of the water corresponding 
to the pressure at which it is generated. 

Saturated Steam is steam at the greatest possible density for its 
pressure. It is invisible, and also, of course, “ dry,” as, if it were 
not, it must contain moisture or water in suspension, and this would 
then not be steam only, but a mixture of steam and water, or wet 
steam, which is no longer invisible. 

If 1 lb. of water is gradually converted into steam in a cylinder 
under a movable piston, the steam is saturated all the time of its 
formation until the last drop of water is evaporated. Beyond that 
point, if the heat is continued, the steam becomes superheated, 
increases in volume, and the vessel no longer contains steam at the 
greatest possible density. 

Pressure and Temperature of Saturated Steam. — The temperature 
of saturated steam in the j>resence of water is the same as that of 
the water with which it is in contact, and there is one temperature 
only for steam at any given pressure. At any other pressure the 
temperature has some other value, but always fixed for that particular 
pressure. If the temperature falls, then the pressure falls, and a 
portion of the steam is at the same time condensed ; or if the tempe- 
rature increases, then the pressure also increases, and moie of the 
water j>resent is converted into steam. 

It may here be noted that, in practice, the water in a boiler, when 
the circulation is bad, is not all of the same temperature throughout. 
The temperature of the upper portion of the water is the same as 
that of the steam, but the temperature of the water below the fire 
is not necessarily the same, and where this occurs, the elTect is to 
produce unequal expansion in the boiler, which is the cause of mapy 
serious boiler troubles. 

Our knowledge of the relation between the pressure, temperature, 
and volume of saturated steam is chiefly duo to the experiments of 
Regnault. The results of these experiments were stated in the 
form of equations, from which the tables now in use have l)een 
calculated. 

Begnault’s experiments were conducted with great care and 



PROPERTIES OF STEAM 


27 


accuracy, and the results plotted, and curves drawn on copper, from 
which the formulae were then deduced. 

The general relationship between pressure and temperature is set 
forth in the following diagram (Fig. 18), from which it will be seen 
that the pressure only varies with the temperature, but that the 
rate of change of pressure is more rapid as the tompera‘'‘ures increase. 
Thus at 212° Fahr., and at atmospheric pressure, a rise of 1*^ in 
temperature is followed by a rise of pressure of hardJy ^ lb. per square 
inch, while at 400° Fahr., or 2*50 lbs. prenisu^e, a rise of temperature 
of 1° is accompanied by an increase of pressure of S lbs. per square 
inch ; and the pressure rapidly increases , thus steam at 54G° Fahr. 
has a pressure of 1000 lbs, per square inch. 

It has been proposed to use high-pressuro steam in pipes of small 
bore to act as a means of superheating steam brought in contact with 
the external suiface of the pipes, but it will be seen how enormously 
high the pressure must become before a temperature can be reached 
which shall be of much use for superheating. 

It should also be pointed out that though the working pressures 
of steain will undoubtedly continue to rise in many departments of 
engineering, yet the efficiency of the 
steam is proportional to the range of 
te7nperature through which it worI;.s, 
and hence the rate of gain of effi- 
ciency will not keep pace with the 
rate of increase of pressure. 

Rankiue gives the following equa- 
tion connecting the pressure and 
temperature of saturated steam : — 


in which T - t + 461*2 Fahr. 

For pounds per square inch the 
values A, B, and C are, A = 6*1007, 
log B = 3*43642, log C = [>*59873. 

This equation gives very accurate 
results. It is most convenient to 
obtain temperatures from the tables 
in practice, but the tables usually do not give values at very high 
pressures. 

Specific Heat of Water and Steam. — For practical purpo.ses, the 
specific heat of water is reckoned as unity at all ordinary temperatures. 
In other words, if t be the temperature of the water, then the units of 
heat required to raise 1 lb. of the water from 32° to — 32. This, 
however, though sufficiently accurate for practical purposes, is not 
strictly true. 

The specific heat of steam, according to Regnault, is 0*4805 at 
constant pressure, and 0*346 at constant volume. 
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!Fptlll H0&t of Steam. — The total heat of evaporation (H) is defined 
tp be the nnmber of units of heat required to raise a pound of water 

at 32° Fahr. to a given temperature, 
and to convert it all into steam at 
that temperature. The equation by 
which the value of H may be calcu- 
lated for any temperature, f, of the 
steam in Fahrenheit units is — 

total heat = 1082 + 0*305/ 

From which it will be seen that the 
total heat slowly increases as the 
temperature of ev^aporation increases, 
namely, bv 0 305 thermal unit per degree of rise in temperature (see 
Fig. 19). " 

Heat to raise the temperature of the water (h) during evaporation, 
reckoned from 32°, is the number of thermal units per lb. to raise the 
water from 32° Fahr. to the temperature of evaporation t. In practice 
it is usual to obtain the value of h, thus : 

Ji = t-- 32 

The true value of h is, however, somewhat greater than this, and is 
given in the Tables in the Appendix ; it includfs the heat used in 
expanding the water as well as in increasing its temperature. 

If the feed water supplied to a boiler is at some temperature, if 
higher than 32°, the total heat of evaporation is then reduced by 

— 32 ; thus, if the temperature of the water to begin with is, say, 
50° Fahr., then the total number of thermal units per pound required 
to convert it into steam at 212° will be less than that given by the 
tables by 50 - 32, or = 1146*6 - (50 - 32) = 1128*6. 

Latent Heat. — The latent heat of evaporation (L) is defined as the 
heat required to convert 1 lb. of water at a given temperature into 
steam at the same temperature^ and under constant pressure. 

It = L 4- ^ 
or 1. = H - h 

Or L may be obtained approximately by the following formula : — 

L = 1114 -0*7/ 

From this equation it will be seen that the latent heat decreases as 
the temperature increases (sec Fig. 19). 

During the evaporation of 1 lb. of water, for every additional 
1 • 
unit of heat, part of the 1 lb. of water is converted into steam, 

till the last drop of water is evaporated. The iieat L supplied 
during this process of evaporation has been expended in two ways : 
(1) In overcoming the internal molecular resistances during the 
change of state from water at boiling temperature to steam. The 
beat so used is termed the internal latent heat, and is usually written 



Temperature 

Fifi. 19. 
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with the Greek letter p. (2) In doing external work by overcoming 
the external resistance or pressure, P, per square foot through a space 
equivalent to the volume occupied by the 1 lb. of sf jam at the given 
pressure, less the original volume of the. 1 lb. of water. Thia heat is 
called the external latent heat, and is written E 

LaldUt heat. 

I 

luternal heat. Extoroul beat. 

Then, during formation of steam — 

total liei^t H = -i- L 

— /t 4* p d" E 
PV PV 

also E = heat- units 

J /7b 

PV is the work done in foot-pounds, omitting the volume occupied 
by the water froni which the steam was generated. 

If 5 = volume of the water in cubic feet before evaporation begins, 
.ind V = volume of the steam wlien the last drop of water has been 
evaporated, and P = external j)ressure in pounds per square foot, then 
change of volume = V — s = a, and the external work done = E = 
l'(V - . 1 ) = P(V - (f-016) = P(t. 

The value of Y is very large*, compared with s, and the more so the 
lower the pressure.. Thus at atmospheric pressure, V = 1G14 times s, 
while at 200 lbs. absolute pressure, V = 141 times 8. 

The internal latent heat of steam (p) may bo written in work- units, 
thus : 

p - J(L) - P(V - 8 ) 

The “internal latent heat’" (p) must be distinguished from the 
“internal or intrinsic energy ” (p + h) of steam. 

In the short Table on p. 30, particulars are given of the (juan titles 
of heat involved for a few cases of varying pressure from 1 lb. to 
200 lbs. absolute pressure, and a careful study of this table will be 
helpful. 

Taking the items in the order given — 

(1) The temperature of 32° Eahr. is taken as the arbitrary starting- 
point from which all (juantitics of heat are measured. 

(2) The temperature of the boiling-point increases with the pressure ; 
but the temperatures increase more slowly as the pressures increase 
(s(je also Fig. 18, p. 27). 

(3) As the pressure under which the steam is formed increases, 
the steam becomes more dense, and thus the volume occupied per 
pound becomes smaller. 

If the steam be formed at atmospheric pressure, then its volume 
per pound is 26 '6 cub. ft., but if the pressure is increased to 200 lbs. 
per square inch absolute, then the volume per pound is 2*29 cub. ft., or 
only about ^he volume at atmospheric pressure. 
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(4) The trotal heat required to generate 1 lb. of steam increases 
as the pressure increases, but the difference is very small. Hence 
the cost, or heat expenditure, per pound of high-pressure steam is 
very little greater than the cost per pound of low-pressure steam. 
Thus the total heat of steam at 200 lbs. absolute pressure is 1198, 
while that of steam at 100 lbs. is 1182, or a difference of 16 units of 
heat per pound, or 1*4 per cent. But the possible work due to ex- 
pansion from the higher pressure is much greater than from the lower. 
Thus, expanding down to 10 lbs. from 200 lbs. initial pressure, the 
moan pressure is 40 lbs. ; and /rom 100 lbs. initial pressure, the mean 
pressure is 33 lbs,, or a gain of mean pressure of 2T2 per cent, 
neglecting back pressure. 

(5) The value of h, or the number of units of heat per pound con- 

tained in the water itself measured from 32° to temperature of the 
boiling-point, increases with the pressure. It will thus be evident 
that boilers having a large water space, as the Lancashire and Scotch 
or marine boiler, carry a large store of heat in the water itself. 
Thus the heat contained in the water of a boiler at 200 lbs. pressure 
= 354*6 — 180*7 = 173*9 units per pound more than if the pressure 
in the boiler were at that of the atmosphere. When the pressure in 
the boiler falls from some high pressure to a lower pressure, the heat 
liberated from the water itself is capable of evaporating a certain 
portion of its own weight at the reduced pressure. Thus, if /j — = 

the difference of temperature due to fall of pressure, and L = the 
latent heat of steam at the lower pressure, then weight of water . 
evaporated by heat contained within itself = (t, — L) -4- L lbs. per 
pound of water present. 


Pressure per square inch (abso-j! 
lute) on Nvater during evapora->| 

tion 1 1 

Temperature of water Bupphedlj 

Fahr j\ 

Temperature of water at boil-t 
ing-point Fabr ... ...) 

Volume of 1 lb. of steam (cubic) 

feet) f 

ToUd heat to gonerate 1 lb. ofj 
steam from water nt y2^Falir. > 

= H I 

Units of licit to nii.se 1 Jb. ofj 
water from 32® Falir. to boil-> 
ing-i)oint = h - t 32 nearly | 

Latent heat = E -b 

External work = E I 

Internal work — p 

Percentage of II couvertid into) 

work, E I 

Heat ill the steam, eountiugl 
from 32° Fahr. j 


100 

32° 

3270 ° 


200 

32 ° 

381 * 7 ° 


‘I ' 40 ;;; 2*20 

1181*0 i 1108*1 


1 

32 ° 

102 ° 

H’MO 

1413*1 

70*0 

1013*0 

61*0 

08 M 

5 * 5 G 

10 . 51-2 


14-7 

32 ° 

‘ 212 ° 

26*04 

11400 

180 7 

00 , 5’8 

723 

803*5 

030 

1074*2 


50 

32 ° 

280 * 8 ° 

8*414 

1107*0 

250*2 

017*4 

77*7 

830*7 

6*65 

1080*9 


207*0 

8 S 4*0 

81-2 

802*8 

0*87 

1100*7 


354*0 

843*8 

81*^5 

750-5 

7*02 

11141 


If, in a boiler, steam is raised to some pressure above the atmosphere 
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ready for sjtarting, but with the stop-valve and all outlets closed, the 
surface of the water, if it couH bo seen, is comparatively quiescent ; 
but on opening the stop-valve and starting the engine, or on lifting 
the safety-valve by hand, or in any pther way reliijving tLe pressure, 
however slightly, then more or ]e,u violent eb illition immediately 
takes place, due to the fact that the heat stored in the water is in 
excess of that required at the reduced pressure, and this liberated heat 
goes to evaporate water. 

A similar effect occurs in the case of water in steam- cylinders when 
the pressure is reduced by expansion, or during exhaust ; the heat 
present in the water at the initial pressure and temperature exceeds 
that which the watei can retain at lower prt^ssurcs, hence r portion 
of the water is evaporated from »hi.s cause as soon as the pressure 
falls (see ‘‘ He -evaporation/^ p. 112). 

(6) It will be noticed that the latent heat decreases as the pressure 
and temperature increase. Considering the component [)arts of latent 
heat separately — 

First, the heat (E) transformed into (external work. The boiler, 
the steam -pipe, and the cylinder up to the face of the piston may 
be looked upon as one vessel, having a movable ^ide, represented 
by the piston, by which the volume may be increased. During 
the formation of steam in the boiler, each successive j)ortion of the 
steam generated expands from its volume as water to its volume 
as steam, against the resistance of the surrounding pressure; and 
thus, in addition to the heat contained in the steam, heat has Ijeen 
expended at the moment of formation in the boiler iii doing the work 
of finding room for the steam, which is found by the movement of 
the piston. The heat thus expended in the performance of external 
work is the quantity E, the value of which in the table, though not 
quite constant at all pressures, is nearly so, increasing slowly as the 
])rossure increases. 

The heat expended in external work during formation of steam at 
200 lbs. and 14'7 lbs. pressure respectively is as follows : — 

200 X 144 X 2'29 -7* 778 = 84*3 heat-units 
14-7 X 144 X 26*04 778 == 72*3 

12*0 

or a difference of 16*8 per cent., showing the extent of the increase in 
the value of E between the limits of pressure given. 

"Jhis heat, it should be remembered, having been expended during 
the process of formation of the steam, is not, and never has been, 
present in the steam, but was supplied as required from the original 
source of heat. Condensation in the cylinder of a steam-engine, 
therefore, so long as the cylinder is in communication with the boiler, 
is not due to the performance of work. 

As soon, however, as cut-olf takes place, the steam is no longer in 
communication with the original source of heat, and all the work to 
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be done, during the expansion of the steam frpm the point of cut-off 
till it leaves the engine, must be done at the expense of the intrinsic 
energy of the working fluid in the cylinder, which | includes the 
internal latent heat of the steam .p, and that portion of the heat of the 
water }i which it gives up during expansion. 

When steam is used in the cylinder without expansion, it is the 
external latent heat E which is used, and the small proportion which 
this l:)ears to the total heat will be seen from the Table. Thus, for 
1 lb. of steam at 100 lbs. per square inch absolute, the external latent 
heat E is 81*2, and the total heat from 32” Eahr. is 1181*9, or the 
proportion of the useful work done to the heat expended is only G*9 
per cent., and this is the maximum elliciency possible when no further 
attempt is made to utilize the heat still contained in the steam by 
making use of its expansive properties. 

When steam is formed under pressure, work is done against the 
pressure ( - PV, the product of the pressure and the volume of the 
steam formed), and steam coridensed under pressure has work done 
upon it by the pressure (also = PV, or the product of the pressure and 
the volume of the steam condensed). 

Density and Volume of Steam. — Various formula? have been devised 
to show the relation between the pressure and volume of steam, and 
to draw the curve known as the curve of constant steam weight. This 
relation has not yet been determined by experiment except fur a limited 
range of pressures. Prom the experiments of Messrs. Tate and Unwin, 
the following formula has been deduced : — 


or (v — 0*4l)(p 4- 0*35) 


0*41 -f 

p 4 O'do 
constant = 389 


where p - pounds per square inch absolute, and v = volume of 1 lb. of 
steam in cubic feet at pressure p. 

A formula of the following form gives very accurate results : — 


pr” = constant 

For dry steam the value of the index n is, according to Zeuner, 1 *0646, 
and the constant is 479 for pressures in pounds per square inch and 
volumes in cubic feet, thus — 

pri'^ = 479 

Kankine gave w = ; thus — 

= constant = 482 
or, as given by Mr. Brownlee — 

= 330*36 

then log V = 2*519 — 0*941 logp 

equals the logarithm of the volume of 1 lb. saturated steam in cubic 
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feet. The denaty of steam, D (or weight per cubic foot), is the 
reciprocal of the volume. 


1 . ^ ^ 

V 330*36 

or log 1> = 0*941 log p — 2*519 

Equivalent Evaporation from ana at 212" Faur.—Ifc is usual, in ex- 
pressing evaporation results in steam-boiler trials, to reduce them all 
to one common standard, namely, that of th-e number of pounds of water 
which would be evaporated w'th the same number of heat-units from 
a feed temperature of 212'^ 'into steam at 212"^. If the feed water be 
at a temperature of ?2'^, then the total number of heat-units required 
to evaporate the water at a gi^en pressure may be found from the 
table of total heat of evaporatioTi ; but if the feed m at,er be at some 
higher temperature, then the heat-ur.iis required per pound arc less 
than the total heat H from i/he Tables by — 32. 

H — (t/ — 32) = H + 32 — / = heat-units per ])ound 
But. the heat-units recjuired to convert 1 lb. of water at 212" into 
steam at 212"^ = 960 units. Therefore the equivalent weight of 
water, Wj, evaporated “from and at 212^^ Fahr.” — 


W, = W X 


II 4- 32 - ^ 


966 


--Mbs. 


Example. — A boiler evaporates 9 lbs. of water per pound of coal, 
working at a pressure of 90 lbs. absolute, feed temperature : line! 
the equivalent evaporation from and at 212” Fahr, 


W X 


H -t- 32 ^ 1179*6 + 32 - 60 


966 


= 9 X 


966 


’ = 10*728 lbs. 


where W = weight evaporated from actual feed temperature. 

Incomplete Evaporation. Wet Steam. — It has been assumed so 
far that, during the evaporation of the 1 lb. of water, the whole of 
the water is completely evaporated to dry steam. But, in practice, 
the steam from steam-boilers always contains more or less moisture 
in suspension. Sometimes the moisture present is considerable. 
The total heat required to produce wot steam is, of course, less than 
that to produce the same weight -of dry steam, by the latent heat 
which would be necessary to convert the proportion of moisture 
present into steam. This is an important point to bear in mind 
in estimating the evaporative eliiciency of steam-])oilers, and many 
impossible results have been claimed for boilers thi’ough neglect to 
eltimate the quality of the steam obtained as to dryness. Thus, 
suppose a boiler to supply perfectly dry steam at a pressure of 90 lbs. 
absolute, corresponding to a temperature of 320° Fahr. ; temperature 
t of feed- water = 60° Fahr. Then the total heat of evaporation — 

= n - - 32) 

= 1179*6 - (60 - 32) 

= 1151-6 
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Or tho total heat of evaporation might be written — 

Q sr xIj '4“ ■“ 1l^ 

where x = the dryness fraction of the steam. Then, if a; = 1, which 
is the case for perfectly dry steam — 

Q = 889‘6 + 290 - 28 
= 1151*6 

The values of h and L are obtained from the steam tables, or may 
be calculated. 

If the steam supplied by the boiler, instead of being perfectly dry, 
contains say 10 per cent, of suspended moisture, then the heat 
expended per pound of wet steam — 

Q — «rXj *4“ 

= (0*9 X 889-6) + 290 - 28 
= 1062*64 


If the steam from the boiler is assumed to be dry, and the 10 per 
cent, of moisture present is neglected, the evaporative efficiency of 
the boiler will be exaggerated. For 1151*6 units of heat from the 
coal will evaporate 1 lb. of water from feed-water at 60° Fahr. into 
dry steam at 320° Fahr. But the steam containing 10 per cent, of 
moisture only actually requires 1062*6 units of heat, and therefore 
the weight of water which will appear to be evaporated under the 

latter conditions = ig g ij T q 1*086 lb., or 8*6 per cent, more than 


the maximum quantity possible had the steam been dry. 

It is etjually important, in determining the economy of steam- 
engines, to be aware of the quality as to dryness of the steam 
supplied to tho engine, otherwise the engine may be debited with 
using a weight of steam a portion of which it has not received as 
steam, but as water. 

Dryness Tests for Steam. — The methods adopted to determine 
the condition of the steam supplied by a boiler as to dryness are 
various. 

1. The Barrel Calorimeter. — A common though somewhat rough 
method, unless done with great care, is that of the barrel or tank 
calorimeter. It consists, in its simplest form, of a barrel placed on 
a weighing-machine and partly filled with a certain weight of cold 
water, into which steam is carried by a pipe reaching nearly to tne 
bottom of the barrel, and having a perforated end. An arrangement 
is also fitted for stirring and properly mixing the hot and cold 
water. The increase of temperature after the addition of a certain 
weight of steam to the cold water is carefully taken. If — 

W = original weight of cold water, 
w = weight of steam (wet or dry) blown in, 
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ti = temperature of cold water, 

4 = temperature of water after addition of steam, 
= temperature of the steam, 

L == latent heat of the steam at. given pressure, 

X = pounds of dry steam supplied, 

Then — 

xL 4- w(t:^ — fa) = W(f 2 - 
Heat lost by pteam. Heal f^iin i by water. 


or— 


fa ““ fi ) 

“IT^ 


Or, in words, if the heat gained by the water, namely, W(/^ - /,j, 
is reduced by the portion of heat given up by the water added v hich 
entered as steam and with the steam, namely, 10(^3 — fg/j rc'inainder 
of the heat must be due solely to the latent heat of the dry pteam 
supplied. If, therefore, this remainder bo divided by the iatent 
heat L of dry steam at the given pressure, the quotient gives the 
weight of dry steam supplied. 

Example.- -If a barrel or tank contains 200 lbs. of water at a 
temperature of 60^ Fahr,, and 10 lbs. of moist steam be added at 
a pressure of 85 lbs. absolute, thus raising the temperature of the 
water to 110° Fahr., find the percentage of moisture in the steam. 
(Latent heat of steam at 85 lbs. pressure absolute = 892. Tempe- 
rature 316^^.) 

Then — 

W(t, - t,) - w(f, - t,) 

L 

200(110 - 60) - 10(316 - 110) 

" 802 ”'" ' 

“ 8*9 lbs. of dry steam 

or — 

10 - 8*9 , . 

— — X 100 = 11 per cent, of moisture 


2. The Separating Calorimeter, shown in Fig. 20, is designed by 
Prof. R. C. Carpenter. It consists of two vessels, one within the 
other, with a steam space between. The wet steam is supplied 
through the pipe F, and the water contained in it, after striking 
the convex surface of the bottom of the cup N, is thrown outwards 
against the sides of the cup, passes through the small holes or meshes 
in the side of the cup, and falls into chp.mber C. The cup N serves 
to prevent the current of steam from carrying away with it water 
which has already been deposited in chamber C. The steam now freed 
from moisture passes away at the top of the cup N into the outside 
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chamber I>, and is discharged at the bottom of the vessel through 
an orifice, H, of known area, which is so small that the steam in the 

calorimeter suffers no 
sensible reduction in 
pressure. 

The pressure in the 
outer chamber D, and 
also the weight of steam 
discharged at H in a 
given time, is shown by 
separate scales on the 
pressure-gauge. 

The rate of flow of 
steam through a given 
orifice depends upon 
the pressure, and this 
rate is determined by 
trial, and the outside 
scale on the gauge is 
graduated accordingly. 

The readings give 
the weight discharged 
in ten minutes. By 
Napier’s law the flow 
of steam through an 
orifice from a higher 
to a lower pressure is 
' proportional to the ab- 
solute steam pressure, 
until the pressure 
against which the flow 
takes place equals or 
exceeds 0‘6 of that of 
the vessel under pi-es- 
sure. 

If W = weight of 
steam flowing through 
orifice H by gauge 
reading, and w = weight of moisture separated at K — 

W 

The quality of the steam x =z - - x 100 

^ \V q. 2/7 • 

w 

the amount of moisture (1 — a) = , - X 100 

' ' W -f 



Fig. 20. 


The Throttling Calorimeter was invented by Prof. C. H. Peabody. 
The form described here is a moditication of it by Prof. li. C, 
Carpenter. The action of this calorimeter depends upon the fact 
that the total heat of steam at high pressure is greater than that 
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at low pressure, and on falling in pressure the excess of heat is 
liberated, and goes first to evaporate any moisture present, and then 
to superheat the steam 
at lower pressure, if the 
excess of heat is suffi- 
cient. 

In the figure (21), the 
steam passes from the 
main steam-pipe at boiler 
pressure into the \essel 
C, where it falls nearly 
to atmospheric pressure, 
and passes away by the 
exhaust opening at bot- 
tom of vessel. 

The temperature of 
the steam in vessel C is 
taken by the ihermorne- 
ter as shown, and this 
temperature is then com- 
I)arod with the normal 
temperature of the st(‘,am Fia. 21. 

duo to i\,s pressure. 

The pressure of the steam in the ealorimetoi*, above the atmosphere, 
is read from the manoim^ter or IT-tube shown in the figure. This 
reading, added to that of tlu^ barometer, gives the absolute pressure in 
the eal on* meter. 

Example.' — "Iffie total heat in 1 lb. of steam at 100 lbs. pressure 
absolute is 1182, and that in 1 lb. of steam at 20 lbs. absolute is 1151, 
and if the steam wore allowed to expand fn)m 100 lbs. in the steam- 
pipe to 20 lbs. pressure in vessel C without doing external work, the 
units of heat liberated per pound = (1182 — 1151) = 51. If the 
steam in vt^ssel C is at 20 lbs. absolute pressure, its latent heat is 
954 units. The weight of moisture which the excess heat will evaporate 
will therefore be 51 -J- 954 = 0*052 lb. 

Jf, however, the amount of moisture present was less than this, 
then the balance of the excess heat would superheat the remaining 
steam above its normal temperature, and the excess would be shown 
by the thermometer. In such a case the percentage of moisture may 
be computed fr(jm the formula giv en below. Jf the moisture present is 
greater than the excess heat can evaporate, then no superheating takes 
pla^e, and this calorimeter would not be applicable. It is, however, 
very accurate within the limits of its action, namely, with steam con- 
taining not more than from 2 to 5 per cent, of mpisture. 

If /j = temperature of steam in main steam -pipe, = temperature 
in vessel C into which the steam has been expanded to a lower pressure, 
and <3 = normal temperature of steam in C due to its pressure ; then 
total heat per pound of steam carried into calorimeter = -f- a:Li. In 

the calorimeter, the heat in the steam due to its reduced pressure 
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= + Lj, when the moisture is just evaporated ; and if there is sufficient 

excess heat to superheat the stei.m, then heat required = 0’48 (4 — /y). 

Then — 

+ irLj - ^3 + Ls + 0*48(/2 ■“ ^ 3 ) 

or — 

^3 *“ 4" T'a 4* — fs) 

L, 

Expansion of Steam. — We have seen (p. 32) that when saturated 
steam is worked without expansion, only about from 6 to 8 per cent, 
of the heat expended is converted into useful work. Tt will now be 
shown how further work can be obtained from the steam by expanding 
it in a. cylinder after communication with the boiler has been cut off, 
by making use of as much as possible of the internal energy con- 
tained in the enclosed steam before exhausting it into the air or 
condenser. 

When steam is admitted to the cylinder for a portion of the stroke 
only, the piston being driven forward during the remainder of the 

stroke by the internal energy of the en- 
closed steam, the diagram of work is 
similar to that shown in Fig. 22. 

Let Opi = initial pressure of steam ; 
OV 2 = length of stroke ; p^n line of con- 
stant pressure of steam during admission 
and while communication is open between 
boiler and cylinder ; a = point of cut-off ; 
ah = expansion line representing fall of 
pressure from p, to p., during expansion of 
the Steam from OVj to OV.^. 

Here the steam is expanded from pres- 
sure Pi to pressure p 2 » ^rid exhausted against a back pressure p^. 

The total or gross ivorJc performed = area of whole figure OpiOhY., O. 

The total work done during admission = area Op^aYi, This is all 
the work which the steam would do if there were no expansion. 

The total work done during expansion - area Y^ahY^ 

The work performed against hach pressure = area Op.hY^^ 

The net or effective work done = area poPidhp.y. 

Then of the total work done, the work gained by using the steam 
expansively is shown by the area Y^ahY^, and this area is increased the 
higher the initial pressure and the greater the number of times the 
steam is expanded. 

The Table in the Appendix gives the factor for obtaining 
mean pressure during admission and expansion, having given the 
initial absolute pressure, or the ratio of expansion, or the number of 
expansions. 

By “ number of expansions” is meant the number of times the final 
volume of the steam in the cylinder contains the original volume 
expanded. 

The Expansion Curve. — The character of the expansion curve of the 
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steam after cut-ofif depends upon the conditions as to loss or gain of 
heat by the steam during expa^ision. 

Three important cases will be considered 

1. The HyperboMc . Curve —When the curve is represented by a 
rectangular hyperbola, or by the formula pv = constant This curve 
approximately coincides with that obtaiatd i^ praetioe and, being 
simpler in construction than the other 
curves, is the one most usually applied 
to obtain approximate results by cal- 
culation of the woik done in engine 
cylinders. 

When ab (Fig. 22 j is a curve fulfilling 
the condition pv = constant, the area of 
the whole figure is given as follows : 

0 V 

Oft = Opj X 0^1 = a ~ PV = constant = hyperbolic curve 

also the area Oh •= Op^ X Oro h = PVT^ constant = saturation cu^'ve 

The area v^ctbv^ = P\^\ X log^r, where c =:PV^“= constant = adiabatic curve 
y ^ ^ Fig. 23. 

Therefore the whole area of Op^ahv,^ = + loger). 

In practice there is always more or less back pressure aeting against^ 
the piston, which reduces the effective work. 

Thus if op 2 = back pressure, then eftective work = piV^(\ + log^r) 
— fifo ; but in all cases effective work = where = mean 

effective pressure throughout the stroke, and ’T.j = total volume of 
piston displacement. 

Therefore omitting clearance — 

fA = + log.r) - p,D2 

or — 



Pm =lh 


1 + log^r 


where p^ = = back pressure. 


2. The Saturation Curve. — When the steam in the cylinder expands, 
doing external work, and receives heat during the expansion from 
some external source (as a steam-jacket), just sufficient to prevent 
any condensation of the steam taking place, the expansion cui ve is 
said to be the “ curve of constant steam weight,” and its condition at 
any point of the expansion as to volume, pressure, and temperature 
corresponds with the numbers given in Regnault’s Tables for saturated 
steam. This curve may consequently be drawn for 1 lb. of steam by 
taking the -values for volume and pressure given in the Tables. 

An approximate formula given by Rankine for the curve of constant 

steam weight is pv^"^ = constant. 


3. The Adiabatic Curve. — This curve represents the expansion of 
steam without gain .of heat from a jacket or any other source, or 
without loss of heat by radiation, conduction, or any other cause, 
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except the loss of the heat which is transformed into work during the 
expansion. Such conditions are, of course, ideal, but they serve as 
a useful standard with which to compare the actual results obtained 
in practice. 

While the expansion proceeds, the weight of steam present as steam- 
is continually being reduced owing to partial condensation due to 
the performance of work at the expense of the heat contained in the 
expanding steam. It will therefore be evident that the pressure will 
fall continuously below that of the ‘‘curve of saturation,” which is 
the curve which would be obtained if no condensation took place. 

An approximate expression for the form of the adiabatic curve is 
given by Rankine, namely, = constant. 

According to Zeuner, v = 1*135 for the adiabatic curve for dry 
saturated steam ; or for wet steam when x = the dryness fraction, 
then n = 0*la; -f 1*035. Thus, given steam with 5 per cent, of wet- 
ness, then n — (0*1 X 0*95) -|- T035 = 1*130. For superheated steam, 
= 1*333. 



CHAPTER III. 

TEMFERA TURE-ENTROPY DIA GRAMS. 

The indicator diagram represea by on area the work done per 
stroke in foot-pound^ the area consisting of pressure and Vvi-luiu'^ for 
its rectangular co-ordinates. 

The temperature-entropy diagram, as applied to engineering pur- 
poses, represents the heat -units converted into work per pound of the 
working fluid. In this diagram the 
vertical ordinates represent tt*mperatuve 
reckoned from absolute zero, and the area 
of the flgure is quantity of lieat, Q, in 
heat-units. The horizontal dimension is 
obtained by dividing the heat-units sup- 
plied during any given change by the 
mean absolute temperature during the 
change. To this horizontal dimension 
Clausius gave the name of “ entrojiy.” 

Entropy is length on a diagram whose 
height is absolute temperature, and 
whose area is energy, Q, in heat-units. 

Any change of heat received or re- 
jected results in a change of entropy, 
the amount of the change being equal to the sum of the heat elements 
added or subtracted, each being dividend by the absolute temperature 
of the substance at the time of the change ; then — 

Entropy = 

The Greek letter 0 {theta) was used by Maxwell to stand for 
absolute temperature, and </> (p/tf) was used by Rankine and by 
Maxwell to denote entropy. Mr. Macfarlane Gray, therefore, gave 
the name 0(i> (theta-phi) to this heat diagram, just as pr is a name for 
the work diagram of pressure and volume as co-ordinates. 

If, in Fig. 24, ah represent a line of constant temperature Tj, and cd 
tjie line of constant temperature Tg , also ac and hd lines of constant 
entropy and respectively, then the area ahed represents to scale 
the heat-units involved in the change of temperature of unit weight 
of the substance heated from temperature Tg to T^, or cooled from Tj 
to To. 

Change of temperature is here represented by change of vertical 
height of the temperature lines, and change of entropy by a change 
of horizontal length measured along the scale of entropy. Then the 


^2 



Via. 24. 
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Fig. 25. 


quantity of heat, Q, involved in any cycle of operations, abed, is given 
thus : 

Q = (T, - T,)(<^, - <^0 

Isothermal lines are lines of constant temperature ; adiabatic lines 

are lines of constant en- 
tropy. 

Entropy may also be 
expressed on the pressure- 
volume diagram by the 
intersection of adiabatics 
and isothermals, thus 
(Fig. 25) the isotherraals 
ah and cd represent lines 
of constant temperature, 
Tj and T., respectively, 
and aCy hd are adiabatics, 
or lines of constant en- 
tropy, and kI> 2 , During 
the expansion from a to h 
heat has been added, 
though the temperature 
has remained constant at 
Tj ; the change is represented by a change of entropy = <^2 — <?5>i. 

During expansion from h to d the entropy is constant, and the 
change is represented by a change of temperature, Tj — T 2 . 

The Temperature-Entropy Diagram for Steam. — This diagram, first 
proposed by Willard Gibbs, and afterwards independently by 
J. Macfarlane Gray,, illustrates very clearly many points connected 
with the thermodynamics of steam, which can only be otherwise 
solved by more or less difficult calculation. 

The construction of the diagram will bo best understood by taking 
an actual case; thus — 

(1) Heat to raise Temperature of Water . — Taking the case of 1 lb. of 
water at 32°, which it is desired to convert into steam at some 
temperature Tj, then the heat quantities involved in the various 
changes are represented as follows : — 

Referring to Fig. 26, let GY and OX represent the axes of tempe- 
rature and entropy ; and on the vertical ordinate OY draw a scale 
of absolute temperature from the base line, which is the zero of 
temperature. 

Let To be the absolute temperature 493, or 32° Fahr. Then O 
may \ye taken as the zero of entropy. And entropy of water heated 
from To to T, 

= log. T, ~ log. To 

-'To^ JTo^ 

If now heat be added to the 1 lb. of water at 32°, the temperature 
gradually rises and the entropy also gradually increases, hence the 
condition of the water as to heat will be represented by the tracing 
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of the cun-o ToT^Ti, etc. The out^iitity of heat in heat-units sup- 
plied to the water during the change from To to Tg is represented 
by the enclosed area OToTga. Again, suppose Tg to be the temperature 
of a boiler feed-water, and the water is heated to temperature of 
boiling-point, Tj, then the ouantity of heat supplied to the water 
between temperatures Tg and Tj is renresemed by enclosed area 
aTgTift = A + B OP the figure. 

The horizontal dimension, or entriipy, for water raised from tempe- 
rature To to Tg = oa = logc Tg — log^ To/ ^ud from To to Tj = = 

loge Tj - loge Tg. The cuF'^e ToT^Tg, etc., is called the “water-line.” 


TkMPERATURE - ENTROPY DIAGRAM 

FOR Steam 



The ‘‘water-line” is practically very nearly a straight line, hence 
the following approximate method may be adopted, which dispenses 
with the use of logarithms : — 


Entropy = 


quantity of heat added 
mean Temperature during addition 


(T — To") 

, Entropy = r/riW-rin approximately 

i" J-g; 

(2) Heat to evaporate Water into Steam . — When the boiling-point of 
water is reached, the addition of heat no longer raises the temperature, 
but during the formation of steam the heat is added at constant 
temperature ; the change is an isothermal one, hence the line T is 
horizontal, and it is extended further and further to the right as 
more and more heat is added. When the whole of the 1 lb. of water 
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has been converted into steam, the length of the line TjC for steam at 
temperature Tj 

^ latent heat of s*;eam at Tj ^ I/j 

“ absolute temperature 

or total entropy of 1 lb. of steam at Tj, measured from entropy at To 
as zero, 


= 


% 


h 

T, 


The heat units required to convert the 1 lb. of water at Tj into 
steam at T^ is represented by the area hT^ef = C + D. 

For steam generated from water at some temperature To, the entropy 
Oi the steam, or the length of the line T^d, 

= L2~T, 


or total entropy of 1 lb. of steam at T.^, measured from entropy at To 
as zero, 


, % 

= logt q, 4* 
-* 0 




The eurvf'd line cd to the right of the diagram is obtained by 
determining points, as explained above, for various temperatures and 
pressures, and drawing a free curve through the several points, r, d, 
etc., thus obtained. This curve is called the ‘‘dry-steam line,” or the 
“saturation curve.” 

Tf the 1 lb. of steam at T^ be expanded adiabatically to To, then the 
fall of tempei’ature during expansion is represented by the fall of the 
horizontal line to position T..^, so that the “ state point ” e moves 
along the adiabatic or (constaiwb entropy) line eg, while T^ moves 
downward along the water-curve to To. 

The heat converted into work during admission at constant tempe- 
rature T^ and expansion down to T 2 = ToT,r(;To = B -f- C. 

At the end of adiabai-ic expansion the proportion of the 1 lb. of 


steam which is now ])resent as steam = x = 


= (ah + hf)-^ae 


U 

"r 

^2 


The proportion of steam condensed by performance of work durijig 
expansion = 1 — ir = ^ 


The heat rejected to the condenser = area aTgg/a = D A. 

If heat be added by a steam-jacket or other means to the expanding 
steam, just sufficient in quantity to prevent any condensation of the 
steam due to work done, the heat so added = area/cdc. 

,The “ state point ” c of the steam travels during expansion, while 
the steam is maintained in a dry condition, along the dry-steam line 
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jacket heat == area cdg. 


cd,' The additional work done due to the 
The heat rejected to condenser = T^dea. 

If the steam is wet to begin with, then a verti'^al line may be 

drawn through son.e point making ™ = proportion of dry 

steam present; also Ti« = aJiL, -4- end ii tbi steam expands, then 
the proportion of dry steam present at end of adiabatic expansion from 
T, to T. = o-o 


T,m 4- Tgd ; 


or — 


luge J — 


Example. — If dry steam at 150 lbs. absolute and temperature 358*^ 
Eahr. expand to atmospheric pressure, find the value of x.y when the 
expansion is adiabatic. 


_/86l2 


T, 


810 
= 0-87 


+ 0*199 


T, 

L, 

673 

966 


To draw Constant-volume Curves on the Temperature-entropy 
Chart.- — On an independent base-line XY, shown above the tempera- 
ture-entropy diagram (Fig. 27), raise a scale of volumes of cubic feet 



to the right of Fig. 27. From this scale of volumes set off the 
number of cubic feet occupied per pound of steam at the various 
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pressures included within the range of pressures to be represented on 
the diagram. 

From any points, ai, Cj, on the saturation curve raise projectors 
to XY, and produce them above XY, making them equal in height to 
the volume occupied by 1 lb. of steam at temperature ai, 6i, Cj, etc. , as 
shown at a2, 62, Cg. From a, h, and c draw perpendiculars to meet XY 
in bgy Cu, and join these points to ^3, €2 respectively. 

Then, if any horizontal he drawn from the scale of volumes inter- 
secting the lines 02^3, etc., as at the horizontal may be 

considered a line of constant volume in elevation, and corresponding 
points may be obtained in plan by projecting from 04, 64, C4, etc., to cut 
aaj, bhi respectively in points a^, 65, Cg, etc. A free curve drawn through 
the points so obtained gives the constant-volume line Any 

number of further lines may be added, as shown in Plate 1 ., which is 
the temperature-entropy chart a.s used for ordinary drawing office 
purposes, and containing all the lines necessary for plotting any case 
occurring in ordinary practice. This chart was prepared originally in 
this form by Captain H. Riall Sankey, to whom is due the application 
of the constant-volume line to the chart. 

The constant- volume lines may be drawn by direct measurement ; 
thus, if hhi is equal to any number of cubic feet (depending on the 
temperature of the steam), say 10, then bh^ may be divided into ten 
equal parts, which may be numbered from left to right 1 , 2 , 3 , etc., 
respectively. As each horizontal line represents in cubic feet the 
volume of the steam at this particular pressure, similar subdivisions 
may be made on other horizontal lines, and if the corresponding 
numbers be respectively joined, the required constant- volume lines 
may be drawn. 

The chart Plate I. is the portion B -f C of the temperature- entropy 
diagram Fig. 26 , but the vertical scale of temperatures and pressures 
has been greatly enlarged, which gives the chart considerable 
extension vertically. 

The various temperature-entropy diagrams given throughout this 
book have been drawn to various scales. Thus, when it was neces- 
sary to include the exhaust- waste area, a much smaller vertical scale 
of temperatures has been used ; but where only the upper or “ useful- 
work portion of the diagram was required, a much-extended tempe- 
rature scale is employed. 

Applications of the Temperature-Entropy Diagram.— Of the total 
heat supplied to steam-engines, from 2 to 10 per cent, may be con- 
verted into useful work in non-condensing engines, and in multiple 
expansion condensing engines this percentage may be raised as higli 
as 20 per cent, or more. 

The remainder of the heat is lost by condensation in the cylinder, 
by radiation, and, lastly, and greater than all the rest, by the amount 
carried away to exhaust. 

'this loss of heat to exhaust may be best understood by a careful 
* study of the temperature-entropy chart, from which it will be seen 
how the proportion of exhaust waste may be most effectively 
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reduced, namely, by using steam o£ the highest poiasible initial 
pressure, expanding as far as practicable, maintaining the steam in 
the cylinder in the driest possible condition, and filially exhausting 
against a back pressure reduced to the lowest possible limit. 

Every unit of work obtained from the sterm dur*ng expansion 
after cut-off is obtained by recovering a pox’iion 1 the internal energy 
of the steam, the whole of which would otherwise pass away to exhaust 
unutilized. Therefore the greater the range' of temperature and 
pressure through which the working fluid acts while doing useful 
work, the greater the possibility^’ of gain by expansion, and the 
greater the proportion of the total heat supplied which is c onverted 
into useful work. And since the cost in heat units per pemnd of steam 
at high pressures is very h'ttle more than for steam at low pressures, 
the advantage of rising high pressures and large expansions M’ill be 
obvious. 

Several cases will now be considered, illustratirg the relation 
between the total heat added and the heat rejected to 
exhaust. 

Case I. Steam generated at atmospheric pressure and ex- 
hausted into the atmosphere at 32° Fahr. 

This corresponds to the case of the generation of steam 
in a boiler open to the atmosphere. The heat quantities 
involved in this case have been already given (p. 30). 

The heat rejected may be considered in connection with the 
condensation of 1 lb. of steam in a cylinder under a movable 
weightless piston, the weight shown upon the piston l^eing 
intended to represent atmospheric pressure (Fig. 28). If 
the cylinder be 2)laced in communication externally with 
a cold body, the steam will bo condensed, the piston will 
gradually fall, and, if the cooling action be continued, the 
whole of the steam will be reduced to its original 1 lb. of 
water at 32'^. Fig 28. 

Here the heat rejected or carried away by the cooling 
body includes— 

(1) The internal latent heat 893’ 6 

(2) The heat of external work or work done upon the steam by 

the pressure of the air during condensation 72 3 

(3) The heat lost by the water 180‘7 

lUGG 

And this is the same as the total heat supplied. The total heat 
supplied and rejected is given by the whole area of the diagram 
S -f L (Fig. 29), and no useful work has been done. 

Case II. Steam generated at atmospheric pressure, doing work on a 
piston, and exhausted into a condenser at 32° Fahr., representing a pressure 
af 0*085 lb. per square inch. 

Here the total heat supplied per pound of steam is the same as in 
Case I., but the heat rejected is less, as will be understood by reference 
to the cylinder and piston in Fig. 28. For suppose that, when the 
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cooling commenced, the piston had been secured so that it could not 
fall as the pressure of the steam decreased, and that the whole of the 
steam is condensed to water at 32° Fahr. Then evidently the heat 
r<^gected is lem than in the previous case by the amount of work done 
upon the steam by the falling piston under atmospheric pressure ; 
or — 

Heat rejected = total heat — external work 
= 1146-6 - 72-3 
= 1074*3 


for this |>articular case. 

The result is given by the 
the total heat supplied. The 
curved line hd enclosing the 
external- work area is the “ con- 
stant-volume line,’* drawn as 
explained on p. 45, and it 


212/. 



s t 


Fig. 29. 


areas Fig. 30. The area ahede is 



Fig. 30. 


represents the gradual fall of temperature and loss of entropy of 
the steam during condensation at constant volume, that is, with the 
piston rigidly secured at the top of the cylinder while condensation 
takes place, till a temperature of 32° is reached. Then the beat 
below this line is the heat rejected ; 

and total heat — heat rejected = external latent heat 

Thus, the constant-volume line serves tlie purpose also of enclosing 
an area representing the external latent heat, and of separating the 
external energy from the internal energy of the steam. 

The indicator diagram for such a case is a rectangular 
parallelogram. 

Case III. Steam at atmospheric pressure exhausted into a condenser 
against a hach pressure of 5 Ihs, absolute. 

The effect is the same as though, when the piston tiad arrived 
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at the extreme height due to the vo'ame of 1 lb, of steam at 212®, 
the piston is secured, the weight representing the atmospheric 
pressure removed, and a weight one- third its size placed on the 
piston (Fig. 31). 

Here the steam will condense at constant volume till the pressure 
falls to 5 lbs. on the square inch, when the piston will begin to fall 
and the volume to decrease, and, if the cooling be continued, the 
whole of the steam may be reduced to 1 lb. of water at 32° Fahr. 

Heat lost by water = (212‘^ - 32®) 180*0 

Internal heat 803 5 

external work = J of 72*3 21*1 

i007 0 






Fig, 31. 


The indicator or pv diagram for this case is represented by Fig. 32. 
The areas A + B represent the total A^ork done ; area A = useful 

work, and area B = work against back 
pressure. 

The heat quantities involved are 
illustrated by the temperature-entropy 
diagram, Fig. 33, where area A coin- 
cides with A, Fig. 32, area B with 



Fig. 32. 



B, ‘'Fig. 32.. When 1 lb. of steam condenses at constant volume 
from 15 lbs. to 5 lbs. pressure per .s(|uare inch, the condition of the 
steam during the process, or the path of the state point, is traced 
by the constant-volume line fe. At e the weight of steam now 
remaining, namely, ee ch lb., continues to be condensed, but no 
longer at constant volume^ but under constant pressure of 5 lbs. pei* 
square inch, during which tlie lino ec is traced by the state point 
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till the steam bus become water at temperature due to pressure of 
lbs., namely, 162^^ Fahr. The temperature of the 1 lb. of water 
|falls still further to 32” Fahr., and the heat thus given up by the 
water is represented by the area ahcd. The total heat rejected in 
this case is given by the whole area below the cross-lined portion of 
the figure, namely, the area abce/g. 

Case IV. SJiowing the worh done by steam at various initial jjressures 
without expansion (Fig. 34). 

For steam of 50 lbs. pressure, admitted through the whole length 
of stroke and exhausted against atmospheric pressure, the work done 



per pound is shown by the shaded area A. The value of this area in 
heat-units may be obtained by direct measurement with the plani- 
meter, or it may be obtained from the steam Tables, thus : the 
external latent heat of steam at 50 lbs. pressure is 77*7 ; the external 
latent heat of (an ag) lb. of steam at 212” = area tac ~ 72*3 X 8*4 
26 = 23'4, 72*3 being the external latent heat of steam at 212” 
hahr., /c the constant-volume line for 8*4 cub. ft., and 26 the volume 
in cubic feet of 1 lb. of steam at 212°. 

Then the shaded area A = 77*7 — 23*4 = 54*3 heat units, and tf\e 
efficiency of the steam = 54*3 -r total heat of steam at 50 = 54*3--- 
1167*6 = 4*65 per cent., reckoning feed- water at 32°. The remainder 
passes away to exhaust ; namely, 1167*6 — 54*3 = 1113*3 heat-units. 

If, now, the pressure were raised to 150 lbs., and still worked 
without expa,nsion, then the work done per pound of this steam, 
exhausted against atmospheric pressure, is lepresented by the area B 
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enclosed by tbo figure adeh. This area = B3 — (72*3 x 3-7-26) 

74*7 

=: 74*7, and the efficiency of the steam cent. 

This is not a much larger efficiency than with cteara of 50 lbs. 
pressure. The loss per pound cf steam, due to the bpck pressure of 
the atmosphere, with the higher presrurj ox "50 lbs., namely, the 
triangular area aht^ is less than the area act, which is the loss due 
to atmospheric back pressure per pound of steam at 50 lbs. pressure.’ 
The loss to exhaust is 1191-2 - 74*7 = i 116-5 beat-units, or nearly 
the same as before. 

If steam at 150 lbs. pressure— occupying 3 cub. ft. per pound— had 
been used without expansion ^ in the same cylinder which previously 
contained 1 lb. of steam et 50 lbs. pressure, and having a volume of 
8-4 cub. ft., then the actual work done in the cylinder per stroke in 
the two cases, as distinguished from the work done per pound of steam 
will bo — for 1 lb. of steam at 50 lbs. pressure = 54*3 X 778 = 42,245*4 
foot-lbs., and for (8*4 3 = 2*8) lbs. of steam at 150 lbs. pressure = 
2*8 X 74*7 X 778 = 162,7 26 *5 foot- 
lbs., or 3*85 times the amount with 
the higher pressure, and chiefly 
because a greater weujht of steam 
has been employed. 

It will be remembered that the 
weight of coal consumed dej)ends, 
roughly speaking, upon the weujht 
of water evaj)orated. 

Case V. Showing the effect of 
using the steam expansivelg on the 
t'xiension of the ns(ful-work area, 
ami on the reduction of the pro- 
portion of the total heat rejected to 
exhaust. 

The case has been chosen of 
steam at 60 lbs. absolute pressure, 
expanded adiabatically 2, 3, 4, . . . 

10 times, and working down to 
a back pressure of 3 lbs. Area A (4 
(Fig. 35) represents the work 
done during admission, all the Fig. 35. 

areas being measured down to 

the 3-lbs. pressure line ; area B represents the gain by two expan- 
sions ; area C the gain by three expansions, and so on. These areas 
are traced off the temperature-entropy chart, Plate I. The values of 
the respective areas are given approximately in the following table, 
measured from the chart by the planimeter : — 

E. F. O. ir. J. K. Total. 

10*2 7-6 5-9 4 7 3*8 31 190*8 


A. 

B. 


1). 

75 j 

44 

22 

14*5 
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Prom which it will be seen that the total work done, expanding 
ten times, is 190'8 -f 76 = 2-54 times the work done without expansion. 

If a line be drawn (Pig. 36) through the 15-lbs. line of pressure, 
then all the area below this line down to the 3-lbs. pressure line 
represents the gain by working condensing, otherwise lost to exhaust. 



Fio, 3C. 


It shows, also, that with steam at GO lbs. pressure not more than 
about expansions could be used if the engin(3 wore non-condensing, 
and worked against a back jiressure of 15 lbs. 

Case VI. ShoLvimf the effect of add huj a condenser tvlicn steam of high 
initial pressure is used., with and without expansion. 

When the steam is used without cxjiansion from 150 lbs. initial 
pressure, exhausting against a back pressure of 15 lbs., the heat 
converted into work is represented by area A, Fig. 36. If this 

steam is exhausted into a condenser, 
the additional work done by the 
steam is rejircisentod by the area 1), 
whicli is only a very small proportion 
of the total work done. If, however, 
i.he steam is worked expansively, 
expanding from 150 lbs. down to 
15 lbs. without condensing, then 
the useful- work area is increased 
to A d- B ; but, to permit of such 
expansion, if the weight of steam 
used is exactly 1 lb., the cylinder 
® y a must have a capacity of about 22-5 

Fig. 37. cub. ft., instead of 3 cub. ft. as when 

used .without expansion. Further, if 
a condenser be added, and expansion be carried down to, say 7 lbs., 
and exhausted against a back ])ressure of 3 lbs., the additional work 
done is represented by the area C. ’ To expand the steam down to so 
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'low a pressure as 7 Ibs.^ the capacity of the cylinder must be in- 
creased to about 44 cub. (see Plate I.). 

From this it will be seen how the useful work obtained per pound 
of steam has been increased by raising the initial pressure and ex- 
panding as much as possible ; but the greater the expansion, the 
larger the capacity of cylinder required to contain the same weight 
of steam at the low terminal pressure before it is finally exhausted 

The indicator or pv diagram for such a case is represente(( by 
Fig. 37, and the r<M rence letters correspond in the two diagrams 
(Figs. 36 and 37). 

The “State Point” of the Steam. — If any point be taken, as 
p, Fig. 38, on the tein}»erature entro])y chart, then this point 
determines the condition of the steam as to temperature, pressure 
dryness, volume, and internal energy. I bus, the horizontal line ah 
through 2^ gives the temperature and pressure; also np ah = the 
dryness fraction per ppuhcl The constant-volume line through v 
gives the volume 'of the steam present as steam. This volume is also 
equal to the volume j)er pound X at the pressure given i>y 

the horizontal thi'ough jj. 

The constant-vvdumo lino also separates the external energy E 
from the intei’nal energy I, the an^a shaded below the constant- 
volume line and between tlie verti<;als drawn from p and 32° repre- 
senting the internal energy /n the steam at jj reckoned from 32°. 





Fic. ;tS. Fig. 39. 


Jhe area ape -- E is the heat converted into work during formation 
of (ojp ~ ah) lb. 

TK,.„.I.H-(Lxg)-(E,x"f) 

where H = total heat of 1 lb. of steam at temperature a. 

Ij *— latent ,, ,, ,, 

E, = external latent heat „ ,, 

I = internal energy of steam at state point p. 
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‘Work done per Pound of Steam during Admission and Expansion. 

— 1 . Referring to Fig. 39, it will be seen that the work done (U) in 
i heat-units per pound of steam during admission at temperature Ti, 
with adiabatic expansion to temperature T 2 , and exhausted at that 
temperature, = areas B + C; or — 

U = area (G + B) 

=? area C + area (B + A) — area A 

= + (T. - T,) - T, log, . . (1) 

assuming the specific heat of water at all temperatures = 1, and 
— ^2 = Tj — T 2 ; or approximately — 

U = l/'^~ + (T. - T,) - . (2) 

The formula given for the latent heat, L, of steam is 1114—0*7^ ; or 
if ^ be expressed in degrees absolute temperature, then — 


1114 - 0-7i = a; - 0*7(i + 4G1) 
a; = 1437 

or L = 1437 - 0*7 T 
The formula (1) then becomes — 

U = (1437 - 0-7T,) ( )+(T,- T,) - T, log, (3) 


2. To find the value of U for a case where the steam expands 
adiabatically from Tj to Tg and exhausts against a back pressure T^, 
as in Fig. 40. 


U = (1437 - 0-7T.) ( + (T. - T,) - T, log, J 

^1440,,-^,,)V, 

778 


( 4 ) 


The whole of the expression, except the last fraction, represents 
area A, Fig. 40, and the last fraction represents area B. The full 

area p/r,T.jp^ = A -f B + C may be 
obtained by substituting T.^ for Tg 
in equation (3). The difference (A 
-f B -f C) — (A H- B) = area C, 
which is usually rejected, because it 
does not pay to expand so far. 

In equation (4) all the terms are 
known at once except In oraer 
to find the value of V^, or, in other 
words, the volume of steam remain- 
ing as dry steam after adiabatic expansion from Tj to Tg, it will be 
necessary to find the value of x, or the dryness fraction, at To, and 
to multiply by x the volume of 1 lb. of saturated steam at To (taken 
from the steam Tables). 
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X ~ (log. (see p- 44) 

3. The work done per pound of wei steam expai ding adiabatically 
from Tj to Tj and exhausting at T^, when the proportion of dry 
steam to begin with = x ; then — 


U = a-L, 


T. 


f (T.-T0-T,iog, 


T. 


( 5 ) 


4. The following formula/ Rimihr in form to that giveu by Rankine, 
gives the work done by 1 lb. of steam, expanding from Tj to 
the steam remaining saturated or at constant steam weigiit during 
expansion. This result might be produced by jacketing. 


T, 


U = 1437 log, rp' - 07(T, 




Area A. 


Area B. 


(Fig. 41) where V = volume of 1 lb. of saturated steam at pressure 
Pa- If the steam expands down to and exhausts at p.^, then the last 
fraction disappears from the equation. 

5. The same results, as already given, 
may be stated in a somewhat di&rent 
form ; thus, the work done during adia- 
batic expansion per pound of steam is 
done at the expense of the internal 
energy of the steam, and the expres- 
sions for the internal energy are as 
follows : — 

At beginning of expansion = + x^pi 

at end of expansion = I 12 + ir.jp 2 
hence work done during expansion is equal to the difference of these 
two quantities = J(jii — + ^iPi — foot-lbs. 

where J = 778. 

Then, to find the net work XJ done per pound of steam during 
admission and adiabatic expansion down to back-pressure line, and 
exhausting against back pressure where - 1 — 

work done during admission = ; 

work done during expansion == J(pi — X 2 P 2 + h - h?, 
work done during exhaust = 

• U = J(pi + jPl^h "" ^2^2 jP2^2^2 “h ■“ ^ 2 ) • • (1) 



Note. — p^ + lpii?j = Lj, where = internal latent heat, ^pi2?i = ex- 
J J 


ternal work in heat-units, and Li = latent heat per pound of steam 
at pressure pi ; then — 


U = J(Lj — x^ltz — I 12 ) foot-lbs. 


( 2 ) 
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But by equation, p. 45 — 

log.Y^)T, 


Su})stitutiixg in equation (2), and expressing in heat-units — 




T, 

T. 


loge + K 


( 3 ) 


Flow of Steam. — When steam flows from a vessel A (Fig. 42) under 
pressure into vessel B against back pressure then the total 

internal energy of the steam at p^ 
, before expansion = -t- xpi ; and 

^ B B*- p 2 after expansion adiabatically to some 

1 less pressure the internal energy 

Fig. 42. = A, -f The work done upon 

the steam in AB = a\V{Vi^ where 

= volume per pound at Pj. The work done by the steam in AB 
against P 2 = a^^PWoi where Vo = volume per pound at p. 2 * 

Tf = velocity ef the steam at beginning of expansion, and 1 I 2 = 


velocity at end of expansion, then 

energy of thc^ steam ; and energy 
+ energy expimdcd ; therefore — 


- - — = the gain of kinetic 
supplied = energy remaining 


J(7/j + a-ipi) + .'TiPiV, + - = J(ft, + ar.,/),) + 

If the initial velocity is zero, then the final velocity is obtained 
from the following equation : — 

V.?" 

'2q ~ - iCoPoVis 

= J(/q - h. + ajJji - a-oL^) 


Thermal Efficiency. — Steam-engine efliciency may be expressed in 
various ways ; ^ thus — 

1. The proportion of the total heat supplied which is converted 
into useful work is called the absolute thermal efficiency, 

2. The ratio between the heat converted into work in the actual 
engine, and that which an ideal engine would convert into work 
when working between the same limits of temperature, is called the 
standard thermal efficiency. 

The standard thermal efficiency will evidently depend upon the 
particular kind of ideal engine cycle cffiosen with which to compare 
the actual engine, and this is a matter about which there is much 
variety of opinion. 

The efficiency of the Carnot cycle ideal engine will be made clear 
for the case of steam by referring to Fig. 43. Considering the 
case of 1 lb. of water raised to the maximum temperature Tj and 


* Soo paper by Captain H. Eiall Sankey, Proc. Imt. C.E.^ vol. cxxv. p. 182. 
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converted into steam at that tempt rature. During evaporation the 
steam is supplied throughout at the constant temperature Tj, repre- 
sented by the movement of the vertical line through p towards the 
right of the figure till jp coincides with k, ana corresponding with 

admission line ah in Fig, 44. Areas 



C + D represent t^^ie heat- units added = 
the latent heat of evaporation at Tj. 
The steam is then 'expanded adiahatically 
down to rhe lower limit of temperature 
represented by the line (Fig. 411), 
and I'i (Fig, 44). I>uring the return 
stroke of the piston, suppose that t/he 


a h 



Fig. 43, 


Fig. 4i. 


steam is now condensed within the cylinder itself by cooling, so that, 
when the piston has returned along the line cd to d, the volume 
has been reduced to rs -f- rn of the \olume of 1 lb. of steam at } 
then the heat abstracted by cooling is equal to area D. 

The last step is now to compress, if possible, the mixture of steam 
and water enclosed as represented by da (Fig, 44), and along the 
adiabatic line sp (Fig. 43), so that it may become 1 lb. of water raised 


from temperature Ty to Tj by the work of compression ; the heat 
supplied by the compression being equal 

to the areas A + B. Then the heat sup- 

plied during the cycle = areas 0 -{- D ; the ^ 

heat rejected = area D ; the heat con- // 

verted into work by a perfect engine //£ 

working according to this cycle = C. -r 

Therefore the eliiciency of the Carnot cycle IS TR 


= E= — - T. - T. 

C + D T, 

It will be noticed, however, that in the 
steam-engine the portion of the cycle re- 
presented by the fourth step, namely, 
acj^abatic compression, is very imperfectly 
performed, because in the actual engine 
only the steam retained in the cylinder 
at beginning of compression, namely, rs 


lAlFl D 


Fig. ir,, 


-i- rn of 1 lb., is actually compressed ; the remainder, having been 
exhausted and condensed at temperature T 2 , must be heated to Tj by 
addition of heat from the boiler. The efficiency of such an arrange- 


ment is shown by Fig. 45. 
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If the ideal engine expels the proportion sn -r rn of its steam (by 
weight), heat has to be supplied to the boiler to raise the temperature 
of this portion of condensed steam from Tg to Tj, and this heat is 

represented by the areas E + F> where st X sr. The absolute 

ejSSciency of such a steam-engine working with compression of a 
portion only of the steam supplied 


C+E 


C 4* E -|“ E E 

which Ls less than that of the Carnot cycle, though greater than if 
there had been no compression. 

The arrangement of heating the feed-water by doing work upon 
it is known as the ‘‘dynamic feed- water heater.” 

The Clausius Cycle ^ is described in four stages as follows : — 

1. Feed- water raised from temperature of exhaust to temperature 
of admission steam. 

2. Evaporation at constant admission temperature. 

3. Adiabatic expansion down to back pressure. 

4. Rejection at the constant temperature corresponding with the 
back pressure. 

These stages are represented in Fig. 46, thus : Tg is the tem- 
perature ,of the feed- water and of the exhaust steam ; area A + E is 

the heat added to the feed-water to raise 
it to steam-admission temperature, Tj. 
During evaporation in the boiler, 0 -f D 
is the latent heat added per pound. The 
expansion being adiabatic, and being con- 
tinued to tlie back-pressure line, the 
corner m in Fig. 46 is sharp, and coincides 
with c (Fig. 47). Compare with Fig. 49, 




where the expansion is not carried down to back pressure. The 
last stage is to condense this steam at constant temperature T^ by 
abstraction of heat D 4- A during the return stroke of the piston, 
till the 1 lb. of water is returned at the original feed-temperature, Tg. 

The heat converted into work by a perfect engine working under 
these conditions is represented by the area C 4- B ; and for the 
Clauaius cycle — 


* This cycle has now been adopted by the Inst. C.E. as the standard of com- 
parison for steam-engmes, and is called by them the “ Kankine cycle.” it having 
been published simultaneously and independently by these two investigators. 
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Absolute thermal eflScionoy = 


_ B + C^ 

A + B + C + D 


C 


This cycle is evidently less eflScient than the CarP‘'>t cycle, ^ 

The Ba^nkine dry steam cycle dilTers from the Clausms ejcie— ^ 

(1 ) By addition of heat to the cylindei no n.aintain the steam dry 
throughout the period of expansion ; 

(2) By not carrying the expansion so as to the back pressure, 
but ceasing the expansion at some pressure pa higher than the back 
pressure pg. 

These effects are illustrated in Fig. 48, where during expansion 
heat has been added, making Kn the expansion line instead ot Km, 

the additional heat from a jacket or other 
source being represented by t)m area 
hkng. This added heat has been sufficiexit 
to render the steam dry during expansion, 
and to cause the expansion line to coin- 
cide with the saturated-steam line; but 
it will be seen that the efficiency of this 
heat is very low, being mJen 4- hhng. 



Fig. 49. 


A 

l^s 


The effect' of incomplete expansion is seen by the area lost between 
the shaded area and the back-pressure temperature line through Tg, 
shown dotted. 

Weight of Steam required per Hour per LH.P. by the Ideal Engine. 

— The number of foot-pounds of work performed per hour per horse- 
power = 33,000 X 60 = 1,980,000; or in heat-units, 1,980,000 -f- 778 
= 2545. Then, if U = the number of units of heat converted into 
work per pound of steam, andS = the pounds of steam required per 
horse-power per hour — 


o, 2545 

S = — lbs. 


from which the weight of steam per I.H.P, per hour for the ideal 
engine can be calculated. 

In practice, owing to various losses, some weight of steam, W, 
greater than S is always required. Then efficiency of the engine 
= E = S 4- W. 



CHAPTEK IV. 

THE SLIDE-VALVE. 

The slide-valve, as its name implies, is a valve which slides to and 
fro, optmin^ and closing ports or passages for the how of steam to or 
from the cylinder. 

The functions to be performed by the valve include (1) admission 
of the steam to the cylinder to give an impulse to the piston; (2) 
to cut off the suppl}' of steam when the piston lias travelled a certain 
portion of the stroke ; (3) to open a passage just before the com- 
pletion of th(^ stroke, for 
tlie escape or exhaust of 
the steam from the cylinder ; 
(4) to close the exhaust 
passage before the piston 
reaches the end of the re- 
turn stroke, to secure a cer- 
tain amount of “cushion- 
ing.’’ 

Lap of a Valve. — The 

amount by which the valve 
overlaps the outside edge of 
I’ii.. .)(), the port when the valve is 

in the middle of its stroke, 
is called the ontmle la}} (see parts o, o, Fig. 50). Similarly, the 
amount by which the valve overlaps the inside edge of the port 
when the valve is in the middle of its stroke, is called the inside 
lap (see i, Fig, 50), 

Lead of the Valve. — “Lead” is the amount by which the valve 
uncovers the port when the piston is at the beginning of its stroke 
(see Fig. 52). The lead to exhaust is always greater than the lead 
to steam admission (Fig. 52). * 

The way in which these various functions are fulfilled for both 
the forward and backward strokes of a double-acting engine may be 
seen from the Figs. 51-54. 

Fig. 51 shows the valve in its middle position and closing both 
ports, in whicdi position the amount of lap, or overlap, of the valve 
may be measured. 

Fig. 52 shows the piston at the end of the stroke, and the v^alve 
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just ope^g the steam-port to admisoion of steam. This port 
opening is the Zead 

Fig. 53 shows the slide-valve at the end of its stroke. It does 
not necessarily open the steam-port fully for rdniission, but it 



Fio. 51. 






always opens fully to exhaust when the valve is at the end of its 
travel. 

Fig. 54. Here the piston is at the other end of its stroke, and the 
valve has opened the opposite port by an amount equal to the lead. 
Double-ported Slide-valve. — For large cylinders, such as the low- 
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pressure cyliader of compound engines, the travel of the valve in 
order to open the port to supplv sufficient steam would be incon- 
veniently great. To reduce the travel, and thereby also to reduce 
the work to be done by the eccentric in moving the valve, the double- 
ported slide-valve is used, as shown in Fig. 55. 

The steam-passage P of the cylinder terminates in two ports 
instead of one, and the steam-ports are each made one-half the width 
which would be necessary for a single port, and the travel of the 
double-ported valve is therefore only half that of the common valve 
for the same total area of port-opening. 

The valve, is so constructed that, when in the middle of its stroke, 
each of the four steam-ports is covered by an equal inside and 
outside lap, though some modification of this is made in short-stroke 
engines. 

The steam -admission and exhaust arrangements are equivalent to 
that of two separate simple slide-valves. The steam is supplied to 



Fig. 55. 


the inner admission edges of the valve by passage S, S, cast in 
the sides of the valve, passing through from side to side, and 
communicating with the cylinder when the valve uncovers the 
ports. 

In large engines with a single flat valve the total pressure of the 
steam on the back of the valve? would be so excessive, unless reduced 
by some means, that the load thrown on the eccentrics and work^ig 
parts of the valve gear owing to the friction between the valve and 
cylinder faces would be a serious drawback to the efficiency of the 
engine. 

To reduce this effect, an equilibrium ring, E, is fitted to the back of 
the valve, as shown in the figure. The ring is fitted in a circular 
groove, and fits steam-tight against a circular planed surface on the 
back of the valve. It is set up to its work against the valve by set 



THE SLIDE-^VALVE. ^3 

seiews passing through the cover, which act against a spring, and 
can be adjusted from the outiiide. 

The internal space between the ring and the cover is connected 
with the exhaust pipe or condenser, and hence a oon -iderable portion 
of the total pressure on the valve is removed. 

A similar arrangement of equilibrium ring at the back of the valve 
as used in some locomotives is shown in Fig. 56. 



Fig. 56. 


The Piston Slide-valve is a form of slide-valve which is used for 
high-f)ressure steam, to avoid the loss due to the friction of the 
ordinary flat valve. The piston-valve as in i)erfect equilibrium as 



Fig. 57. 


regards the steam pressure, and is much used for the high-pressure 
cylinder of triply- expansion engines. 
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It is not used for the lower-pressure cylinders, because the dimen- 
sions of the valve to give the required port-opening is large relatively 
to the dimensions of the cylinder itself. 

The chief disadvantages with this type of valve are (1) the loss 
due to leakage of steam past the circumference of the valve into 
the exhaust passage ; and (2) the large clearance space, owing to the 
volume of the steam-passages being necessarily great with the 
piston-^ alve. 

The example given in Fig. 57 shows the valve removed from the 
valve chamber. The valve itself, PV, consists of a double piston, 
the width of the pistons being the same as the width of face in an 
ordinary flat slide-valve, and being sufficient to cover the port when 
in mid-p(»sition, and to provide the necessary lap. 

The valve works in two short bushes or barrels, B, in which 
passages, SP, are made all round the bush, which form the steam-port 
for admission and exhaust of steam to and from the cylinder according 
to the position of the valve. The steam-port, being in the form of a 





series of openings separated by bars instead of a continuous circular- 
port, enables the spring rings, with which the larger types of piston- 
valves are fitted, to work to and fro over the port without catching 
on the edge. The steam enters as shown ; it passes to either end of 
the piston- valve, and, the valve being hollow, the admission steam San 
pass right through it from end to end. The exhaust escapes by the 
internal edges of the valve, and passes away by the chamber sur- 
rounding the body of the valve, the reduced diameter of this part 
corresponding to the exhaust chamber of the simple slide-valve. 

Sometimes this arrangement of the steam is reversed, the steam 
being admitted at the inner edges of the pistons from the chamber 
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around the middle of the valve, and exhausted from the outer ends 
and through the interior of the valve. The latter arrangement is 
adopted in some cases with superheated steam. 

The locentric, Fig. 58, is a disc fixed on the craixk-sl^ft in such 
a way that the centre of the disc is eccentric, or ‘‘ oui/ of centre,’* with 
the centre of the shaft. lig. 69 shows that the motion trans- 
mitted by an eccentric with an eccentricity CE is equivalent to that 
obtained from a small crank where radius is r = CE. The disc is 



termed the sheave of the eccentric, and is made in halves, the halves 
being secured by bolts and split cotters as shown. The band sur- 
rounding the sheave is called the strap. The shea\e rotates inside the 
strap in the same way as the crank-pin rotates in the connecting- 
rod head. The eccentric rod is attached to the strap, and the 
slide-valve receives a reciprocating motion from it, similar to 
that received by the piston from the crank-pin, but on a reduced 
scale. 


The angle of advance of the eccentric is thehngle in excess of 90° 
which the centre line of the eccentric is in advance of the centre line 
of the crank. 



Fig. 60. Fig. 61. 


Thus, in Fig. 60, OC is the crank-arm, and OE the line passing 
through the centre E of the eccentric. 
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Then the angle AOE = 6 ss the angle of advance 

To find the angle of advance of the eccentric, having given the 
ll'avel and the lap and lead of the valve : With radius OE (Fig. 61) = 
radius of eccentric, or half travel of valve, describe a circle about O. 
Produce the centre line CO of the crank through O. Set off Oa = 
the lap of the valve, and ah = the lead, and from h raise a perpen- 
dicular to cut the circle in E'. Join OE'. Then EOE' is the angle 
of advance of the eccentric. 

Let 0 = outside lap ; 
i = inside lap ; . 

?! =s outside lead ; 

Zjj = inside lead, or lead to exhaust ; 
p =s radius of eccentric ; 

0 = angular advance ; 

tt =r any angle passed through by crank ; 

1) =s valve displacement from mid-position ; 

0 -f Zj = Z -f Zg. 7 . , 

« T.. . lap + lead o + 1, i +1, 

^ radius oi eccentric p p 

psinO - o; Ij, = p sin 0 — u 

Valve Displacement for Given Angular Travel of Crank.— Let 

crank O (Fig. 62) travel through 
I P» angle a from its dead centre ; then 
the valve displacement — 

06 = OE' cos E'06 = p sin (a $) 
Opening of port ) _ „ „ 

0 to steam ^ - p nn {a + - o 

To find the Position of the Piston 
for any Position of the Crank.— l. 

When the length of the connecting- 
rod is very gr-eat compared with the length of the crank-arm. 

Then, if ah (Fig. 63) represent stroke of piston, and r = radius of 
crank, a perpendicular let fall on ah from crank position c gives a 
point m as the corresponding position of the piston. 



Fig. 62. 


Om = r cos 0 (1) 

am = r(l — cos ff) ^2) 

But if the connecting-rod be comparatively short compared with r, 
as IS the case in practice, then, in Fig. 64, let ah be the path of the 
piston to any scale, and aCh the crank-pin circle. * 

With radius equal to the length of the connecting-rod, and from 
a centre on ha produced towards a, draw an arc, si, touching the 
centre o. This may be termed the mid- travel arc ; and the displace- 
ment of the piston from mid-stroke for any position, C, of the crank- 
piu = Cp drawn parallel to the line of stroke, cd). Take also some 
other position of the crank, C'. Then tke displacement of the piston 
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frtap ita mid-position = CV. Arcs 0/ and (Jp, drawn with o| 
conaec ting-rod 
from centre on ha 
produced, also give 
the piston displace- 
ments Of and Og 
s= Oe and C'l? re- 
speotively. The 
distance vn mea- 
sures the deviation 
of . the piston for 
positions C or C' of 
the crank due bo 
the obliquity, of the 
conjnectiug-rod. 

Zeumer Valve 
Diagram.- -This 
diagram was first 
proposed by Dr, 

Zeuiier of Dresden, 
and, oVing to its 

great convenieiioe Fig. 63. 

and simplicity, is very much used.. 




Fig. 64. 

It mS. be best md^tood by reference >to the ioUowing Ugaxm ; 
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In Fig. 63 j ht ah he the travel of the slide-valve, Oa the cr^nk 
position, and OE the position of the centre line of the eccentric, 

having angular ad- 
vance 0 . Then a per- 
pendicular, Ec, on ah 

gives Oc, the distance 

valve from its 

jT / N. mid-position. If the 

\ crank-shaft move round 

/ ^ V / t on its centre so that a 

/ \ passes to a, and E to 

/ ^ ^ ^ El, and Oc' is the dis- 

1 — tance of the valve from 

^ \ /its mid -position for 

\ / eccentric position OE,. 

\ / Instead of the crank 

\ / Oa and eccentric OE 

moving round the cir- 
cular path, the result 
will be the same if the 
line Oh be supposed to 
move in the reverse 
YiQ g5 direction as at 

etc. (Fig. 66), and per- 
pendiculars Eci, Ecjj be 
drawn as shown. Then 
all the angles OcjE, 
^re right 

/ \\\ angles, and therefore a 

/ / circle drawn upon OE 

/ / \^2 \ diameter will pass 

/ / through the points Cj, 

\ ! the portion Ocj, OC2, 

\ ^ jh etc., of the lines inter- 

\ / cepted by this fixed 

\ / circle gives the dis- 

\ / tance of the valve fiCm 

its central position for 
any position h, 62* 
etc., of the crank. 

The Zeuner diagram 
is here given with the 
T, , particulars usually re- 

FiO. Co. .1 1 1 

quired marked thereon. 
The connection be- 
tween the valve diagram the indicator diagram is also shown* 
In Kg. 68, the circle R„ Il» etc., is drawn wdth radius ORj, equal to 
half the travel of the valve. The outside “ lap circle ” is drawn with 
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radius OY = tbt‘ outside lap, Dista^ze VP is set off =r the lead, and 
the perpendicular PPg is raised to cut the travel circle in Pg. Then 
PgORa is the angular advance 
of the eccentric, position of 
crank being at OA. On P^ORy 
draw the primary and second- 
ary valve circles on the di- 
ameters OP2 and OR; respec- 
tively, as shown. From centre 
O, with radius OVI = the in- 
side lap, draw the* inside lap 
circle. 

Then the real position of 
the crank is OA for position 
OP2 of the eccentric, and for 
rotation in a clockwise direc- 
tion. If these positions re- 
main fixed while the radius 
ORj rotates in the opposite 
direction, the result will be 
the same as though OA and 
OP2 rotated in the true direction, as already explained (Fig. 66). 

Then, if ORj be assumed to be the position of the crank at the 
commencement of the stroke, the length OP, the part of OR^ intercepted 
by the primary valve circle, is the distance which the valve has mo\ ed 
from its mid-position ; and this includes OV, the lap, and YP, the port 
opening, shown shaded, and which is, in fact, the lead of the valve. 
The opening of the other port to exhaust at the same instant is given 
by the length DW^. 

If a radius bo drawn through B, the intersection of the valve circle 
with the outside lap circle, OR is the position of the crank when 
admission of steam begins — namely, just before the crank readies its 
dead centre, R^. Continuing the rotation of the crank, on reaching 
the dead centre the port is open by an amount YP equal to the lead, 
as already stated. The valve now continues to open the port wider, 
until at the position OPg of the crank the valve is at its maximum 
distance from its mid-position. The valve now commences to return 
towards its mid-position, and the port is gradually becoming more and 
more throttled till the crank reaches OR4, where the outside lap circle 
intersects the valve circle. The port is then closed, and cut-off has 
taken place, the expansion of the ‘steam in the cylinder commencing 
from this point. Expansion continues till the crank reaches OR^, 
where the inside lap circle cuts the secondary valve circle when the port 
opens to exhaust. Rg drawn at right angles to OP2, or tangent to the 
valve circles, is the position of the crank when the vd-lve is in mid*> 
position. ' 

If the valve had no inside lap, then Rg would be the position of thd 
crank when the exhaust port opens, and Rg continued across thO 
diagram would give the position of the crank at exhaust closure ; bub 
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wh0n Valves feaft iliside lapj a circle is drawn from centre 0 with 
nfbdius equal to the inside lap^ cutting the secondary valve circle. 
I’hen crank positions obtained by drawing lines from centre O 
through the intersections of the inside lap circle and the secondary 
valve circle give the positions of the crank at exhaust opening and 
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closing respectively. At M the port is fully open to exhaust ; at 
R 7 the valve has moved a distance QR-^ past the edge of the port, thus 
leaving the port wide open to exhaust till the crank reaches ON, when 
the port begins to close tiU Rg is reached, when compression of the 
steam remaining in the cylinder takes place, till the port €^ns again 
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for re-admission oi steam. The arc through Q is drawn so that WQ 
= width of port. 

Reuleaux or Reech Biagram. —The following dia^;i*am is known as 
Reuleaux’s diagram in German) , and Reech’s in France. 

Referring to Fig. 60, if tho eccentric radius be turned Lack through 
an angle d, then the valve would be in mid-position^ and the crank would 
be at an angle 6 behind its dead centre. In Fig. 69, let the same circle 
represent the path br)th of the crank-phi a;nd of the eccentric centre, 
each to different scales. Through the centre of the circle draw 



making an angle 0 = the angular advance of the eccentric. Then, 
as explained above, T> is the position of the crank when the valve is 
in niid-posltion, and DD, is called the mid-position line. For any 
position 0 or C' of the crank, the displacement of the valve from its 
mid-position = Cm or Ok drawn perpendicular to DDj. Draw 
paAillel to DD', and at a distance from it = outside lap = 0 , and draw 
EEj parallel to DDj, and at a distance from it = inside lap = i. 

Then for crank position C, the length Cn = the port opening to 
steam when the valve has travelled a distance Cm from the centre. 
For crank position O' the exhaust port is open, Ok — i, and the valve 
has travelled a distance Ok from its mid-position. 

The diagram refers to one side of the piston only, and neglects the 
obliquity of the eccentric rod and connecting rod. 
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The lines drawn at a distance P from the lap lines represent the 
width of the steam port, showing on the steam side the port is not 
fully opened, while on the exhaust side, in this case, the valve travels 
beyond the edge of the port. 

When the crank turns clockwise, S is the admission point, Sj = 
the point of cut-off, Ej = opening of exhaust port ; E = compression. 
The perpendicular let fall from A on SSj = the steam lead, and the 
perpendicular let fall from on EEj = the exhaust lead. 

This diagram teaches most clearly a number of facts of importance 
in practice. For example, suppose, on a given engine, the lap of the 
valve was decreased by removing a portion from the outside edges of 
the valve ; then the effect would evidently be to cut off later in the 
stroke, which would no doubt be the object of reducing the lap, 
but it would also incroHse the lead, which would probably be an 
objectionable feature, and this could only be prevented by altering 
the angular* advance of the eccentric, in other words, by making the 
angle ^ less, until the lead was the amount required. The effect of 
this on Sj, E], and E would be to make them all later. 

Again, it might be desired to increase the lead of the valve, altering 
nothing except increasing the angle of advance $ of the eccentric. 
The effect of this, it would be at once seen, would be to make all the 
operations of the valve at E^, and E earlier. 

Problem.— Given travel, cut-off', and lead, to lind the lap and the 

Draw circle from 0 with 
radius OC = half travel (Fig. 
70), and draw the lead circle 
at A with radius = lead. Draw 
a line from point of cut-off C 
tangent to lead circle. Then 
a circle drawn from centre (J 
touching this line is the lap 
circle, its radius being equal 
to the lap required. A line, 
DD', drawn through the centre 
0 parallel to the lap line, makes 
an angle 0 with AAj equal to 
the angular advance required. 

Effect of Obliquity of Con- 
necting-rod. — Taking the case 
of a vertical engine, and draw- 
ing the crank circle (Fig. *71) 
to an enlarged scale with diameter AAj (Fig. 72), then the effect of 
a short connecting-rod on the distribution of the steam on the opposite 
sides of the piston may be seen by the aid of the diagram. Thus 
(Fig. 72), DDi is the position of the crank when the eccentric is 90° 
ahead of the vertical centre line, and »t is the mid-travel arc of the 
piston. Also lap-lines are drawn parallel to DDj, and at a distance 
from it equal to the outside lap o at the top end and o' at the bottom 


angular advance of the eccentric. 
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end If 6 and d are equal, then it will be seen that cran^ position 
is the point of cut-off for the top side of the piston, and crank position 
c’ is the point of cut-o^ for the bottom side. But Cm is greater than 
or, in other words, the piston is further past mid- 
position on the downstroke at C than on the upstroke 
at c', and therefore cut-off takes place later on the down- 
stroke than on the upstroke. 

This inequality of cut off nay be reduced by altering 
the lap on the bottom side, makiiig lap d less than the 
top lap 0. Then cut-off will take place at later than 
before, but the lead on the bottom will be increased 
(see perpendicular from A, on lap line through Cg = 

Aia 2 , which is greater than the lead Aa'). In practice 
it is usual to have less lap and more lead on the bottom 
end of the cylinder than at the top. 

Valve Ellipse. — This is a method which has been 
in use for many years, especially among locomotive 
engineers, for representing the relative positions of the 
slide-valve and piston. 

The process is draw two lines at right angles to 
one another, the one to represent the line of direction of motion of 
the slide-valve, and the other that of tlie piston. 



Fig. 71 . 



Thus, in Pig. 73, let CP represent the stroke of the piston, and let 
the circle through C drawn with radius OC =s crank-pin path. If 
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llien for cr^-pin position C, eccentric posiiSon is at D. Starting 
from D, divide the eccentric circle into the same number of equal 
parts, 1', T^eta,, as on the crank-pin circle. Draw horizo itals from 
the eccentric poeitions to in- 
tersect verticals from the 


crank positions, and join the 
intersections. The closed 
figiire is called the “valve 
illipse/' 

To allow for obliquity of 

the connecting-rod, instead of 
dropping perpendiculars as at 
la, draw arcs through points 
1, 2, etc., of the crank-pin 
path with radius equal to 
length of connecting-rod from 
a centre on line PC produced. 
Similarly, to allow for the 
obliquity of the eccentric rod, 
draw arcs through V, 2', etc., 
on the eccentric path with 
radius equal to length of 
eccentric rod from a centre 
on line OE produced. 

In Fig. 74, if AA be set off 
from XX on one side of it 
equal to o, the outside lap; 
BB = / = inside lap, and CC 
= S = width of steam port. 
Then, if the valve ellipse be 
<lrawn as explained (Fig. 73), 
the points of admission, cut- 
off, release, and compression 
are determined by the inter- 
section of the valve ellipse 
with the respective edges of 
the port lines AA and BB. 
Perpendiculars on to the 
centre line XX will gi\'e the 
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piston positions at each of these points respectively. 

Fig. 75 shows an application of the valve ellipse to an actual case 
fron% practice. From the face of the ports S, E, S, in the sectional 
drawing at the bottom of the figure, lines are drawn perpendicularly 


to any convenient length from each edge of the respective ports, 
and this length is subdivided to represent equal portions of the 
piston-stroke. A valve ellipse is then drawn from centre A on the 
half. stroke line of the piston for steam at a distance = outside lap of 
valve from edge of port, and from centre B for exhaust on the port line, 
as there is no exhaust lap. The centres A and B are the positions 
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4 )f the respective steatn and exhaust edges of the valve in mid- 
position. 

Several ellipses are usually drawn for different amounts of travel of 
the valve as the link is notched up (see Fig. 87). 

Two ellipses are drawn in this case, and, referring to the larger 
ellipse, it shows for any position, say 0*3 of the piston stroke, that 
the steam port is not only freely open = cc, but the valve has moved 
a distance eh past the edge of the port ; and on the other side of the 
piston the exhaust port is not only wide open, but the valve has moved 
past the edge a distance e*h\ The cut-off points for different amounts 
of travel of the valve are given at d, d; the points of release are r, r, 
and of compression k, h. 

Expansion Valve Gears. — The importance of working steam 
expansively has been already explained, and a certain amount of 
expansion may be obtained with the common slide-valve by the 
addition of lap, but a cut-off not earlier than about 0*7 of the 
stroke can be obtained in this way, and this is usually not sufficient 
for economical working. The amount of additional lap necessary to 
cut off at any earlier point causes difficulties of other kinds, and other 
means have therefore been employed to obtain an early cut off of the 
steam-supply to the cylinder. Locomotive and marine engineers 
generally employ the link motion both for reversing and for regulating 
the degree of expansion ; but for stationary engines, especially when 
not requiring to be reversed, a separate expansion valve is used, or’ 
some form of Corliss or dr*op- valve gear. 

The Link Motion. — There are various kinds of link motion, but the 
arrangement known as the Stephenson link motion is the one almost 



Fig. 76. 



Fig. 77. 


universally adopted in this country, and it is the type which will here 
be described. , 

The object of the link motion was originally to provide a ready 
means of reversing an engine ; but it was found to be also a convenient 
means of regulating the expansion of the steam in the cylinder, cutting 
off the steam earlier or later in the stroke as desired. 

As a reversing gear its action Is as follows — 

It has been shown that when the crank is in some position OC 
(Fig. 76), the centre line of the eccentric is in a direction OE 
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ahead of the ciank, the direction of rotation being shown by the 
arrow. 

But to reverse the engine, the eccentric centre must by some means 
be moved from E to some position E' (Fig, 77;, l aving a suitable 
angle COE' ahead of the crank. 

This is accomplished in the 
link motion by having two sepa- 
rate eccentrics, one keyed with 
its centre at E, and ^e other at 
E', the ends of the respective 
eccentric rods being joined to- 
gether by a link, as shown in 
Fig. 78. Then by meanr of a 
lever attached to the link, L, 
either eccentric, as desired, may 
be made to communicate its 
motion to the slide-valve by 
moving the link so as to bring 
one or other of the eccentric rods 
into line with the slide-valve 
rod. 

The slide-valve is connected 
by the valve rod to a little block 
which fits in the slot of the link, 
so that any movement of the 
link ill the direction of the axis 
of the valve rod affects the posi- 
tion of the valve. 

When the block is in the 
middle of the 4ink, the valve is 
influenced equally by both eccen- 
trics, with the result that the Fig. 78 . 

engine will not run in either 

direction. The nearer the block is to its mid-position in the slot, 
the less is the travel of the valve and the earlier the steam is cut off 
in the cylinder. ^ 

The Stephenson Link Motion, illustrated in Fig. 78, and shown 
in skeleton in Fig. 79, is made with the link concave towards the 
crank shaft. The centre line of the link is drawn with a radius 
equal to the distance between the centie of the eccentric measured 
along the rod to the centre line of the link. When the crank is on 
thft^ centre away from the link, and the rods are attached to the 
nearest end of the link, as shown in Fig. 79, the rods are said to 
be ‘‘open.” This is the usual way of connecting the eccentric rods 
to the link. When the crank is in the same position as before, and 
the rods are connected to the end of the link on the opposite side 
of the main centre line, as shown in Fig. 80, the rods are said to 
be “crossed.” In the latter case, the result is not quite the same 
as when the rods are open. With open rods the lead increases as the 
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the case. This is illustrated more fully in Figs. 86 and 86, 

The paths of the movmg parts of the motion dmbg » 
lution of the crank are compounded of the moyaiment due to the 
connection of the link with the eccentrics, and of that due to the 
connection of the link with the radius bar or drag link, SR (Fig. 719), 
which is free to move at the link end, but is fixed at the reversing 
lever end, S. The end of the link connected to the radius bar will, rf 
course, move in an arc of a circle about this fixed centre. 



f 

I 


Fig. 79. Fig. 80. 

■When the link is pulled right over, so that the eccentric rod is 
as nearly as possible in line with the valve rod, the link is said to 
be in ^*full forward gear or in “full backward gear, ’’.as the case may 
be, depending on which eccentric is thrown into gear. 

When the throttle-valve is closed the link must bo placed so 
that the block attached to the slide-valve rod is in the middle of 
the link. 

To start an engine with a link motion having op^ rods for a 



the ilink musi be 

ia ihe same direction as it would move if it were connected 
rigidly to the crank shaft and turned round witik it. 

When the link is in mid -gear, the travel of the slide-valve 
on each side of its middle position is equal to the lap of the valve plus 
the somewhat increased lead which the valve has in mid-gear with 
the open-arm link motion. The shorter the eccentric rods relatively 
to the valve-travel, the greater the increase in the lead as the link 
approaches mid-g(3ar. 

In consequence of the somewhat complex motion of the link, there 
is always more or less “ slotting ” or rubbing of the link upon the block. 
The nearer the block is to the point of suspension of the link, the 
less the slotting motion. Hence the link is usually suspended from 
the end nearest the forward eccentric rod, so as to reduce th(‘ wear and 
tear due to the slotting motion to a minimum for the most common 
working position of the link 

In this case, in backward gear the slotting motion is more or 
less considemblGf but this disadvantage is conceded for the sake 
of the more perfect action in forward gear. When equal efficiency 
of the Jink is required in both forward and backward gear, the link is 
suspended from the centre. 

The position of the centre, S, of the suspension rod, SR, Fig. 79, 
is chosen thus : Trace the path of the point R on the link to which 
the suspension rod is to bo attached when the link is in full forward 
gear, for a complete revolution of the crank shaft, and without the 
restraint of any suspension link. Again trace the path of the same 
point when the link is in full backward gear. 

Now, with a radius equal to the proposed length of the suspension 
rod, draw an arc from some centre which shall as nearly as possible 
bisect the irregular curved figure for full forward gear. The centre 
of this arc is chosen for the centre of the suspension rod in full 
forward gear. Similarly, witli the same radius as before, bisect the 
irregular curve for full backward gear. The two centres thus ob- 
tained fix as nearly as possible the patli of the end of the reversing 
lever to which the suspension rod is attached. Usually some com- 
promise is made in favour of full forward gear. ^ 

Expanflion Regulator Arm. — In compound and triple-expansion 
engines with link* motions all connected with one reversing shaft, 
it is often desirable, for the sake of regulating the distribution of 
the powder between the respective cylinders, to adjust somewhat 
the position of the link of the low-pressure cylinder relatively to 
thal^ of the high-pressure cylinder, and to give it an earlier or later 
cut-off as required. This is sometimes done by the method illustrated 
in Fig. 81, namely, by connecting the outer end of the suspension rod S 
to a block, the position of which is capable of adjustment by the screw 
as shown. The position of the slot in the arm A is so arranged that, 
if the engines required to be suddenly reversed, the link may be 
thrown into full backward gear without the necessity for any re- 
adjustment of this supplementary expansion gear ; for the position 
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of th© outer csentre of the suspension rod may be anywhere in the 
slot of the lever without its affecting to any extent the action of the 
link in full backward gear, as the centre line of the slot is per- 
pendicular, or nearly so^ to that of the suspension rod. 



Valve Diagrams for Link Motion. — It will be convenient to con- 
sider here the case of a single movable disc, the eccentricity of which 
can be varied, and a variable cut-off thus obtained with a single 
eccentric. This arrangement is important, especially because of its 
application in connection with shaft governors as*' an automatic ‘cut- 
off gear for high-speed engines. 

The disc D, Fig. 82, is keyed to the crank shaft, and the adjustable 
disc E, with centre P, is the eccentric disc to which the eccentric rod 
and strap are secured. It will be seen that thp disc E is secured to 
D, but that it may be so adjusted that the centre P may be held in 
any position between P and P^. The effect of this on the distribution 
of the steam is well shown by th© Zeuner diagram, Fig. 83. Thus 
C is the centre of the shaft, and CP 1 P 3 in Fig. 82 is drawn to an 
enlarged scale in Fig. 83. Take positions P,, Pg, Po, and draw circles 
on the diametera CP^, CP^, CP^ ; {)hen, for position CPj in full forward 
cut-off takes place at drawn thi'ough the intersection of th© 
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lap circle with the valve circle on CPj, and as Pj approaches P,,, cut-off 
takes place earlier. When P^ is reached the engine will be stopped, 
and as Po approaches P^ the engine is reversed. All other points, 



as of release, compression, and admission, may be traced in the 
same way. 

.-F 



“Equivalent Eccentric,” with Oblique Connecting-rods,— Tu Fig. 8-i, 
let OG represent the crank, and OE the eccentric with angular 
advance KOE, and BD a link through which motion is to be trans- 
mitted to the slide-valve. Then, if the position of the eccentric rod 
EB is changed to position EA, the valve receives the motion directly 
from the eccentric E, and the link does not affect the result. But 
when the eccentric nxl is in position EB, it is clear that if a line 
he drawn through OB, the motion of B on the line OB, or OB pro- 
duced, would be the same fis that of A on the line OA, except that, 
if the valve were connected with B either directly or indirectly, 
the crank booing as before, the respective movements of the valve 

G 
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would take place earlier, because the moving backwards of the line 
OA through the angle a to OB is equivalent to moving the eccentric 
OE forward, or increasing the angular advance by the sairfe angle. 
If, therefore, Oe be drawn equal to OE, and making the angle EOe = a, 
then Oe is the equivalent eccentric, which will produce the same 
result, if e be coupled direct to the valve moving in the line OA, as 
would be produced if the valve were 
coupled to B, driven by OE, and moving 
in the direction OF. 

If the motion communicated at E 
were in the line BG , as is approximately 
the case in practice, the length of the 
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Fig. 85. 


Fig. 86. 


radius Oe of the equivalent eccentric is a little increas(id. By drawing 
EE^ at right angles to OE, then the line joining 0 to E' and making 
an angle a with OE is the equivalent eccentric required. 

lleferring to Fig. 85, OF' is the resultant eccentric for the end D 
of the link. If tlie rods were “ crossed ” as at ED (Fig. 84), instead 
of “ open ” as at EB, then the motion communicated from tlje point 
D in the line 01) will be the same as from A in the line OA, except 
that the respective movements of the valve will be later, because the 
moving of the eccentric rod from OA to OD through the angle a 
would have the same result as reducing the angular advance of the 
eccentric by the same angle. Hence, if EE" be drawn backwards 
from OE, at right angles to OE, and OE" making an angle a with 
OE, then OE" is the “ equivalent eccentric for the crossed rod ED. 

To find the movement of the valve when the block A is situated 
in the middle of the link, if E' and F (Fig. 85) be joined, and ahe 
point P be taken midway between E' and F, then OP is the resultant 
eccentric ; and for the movement of the valve when the block is at 
any inteimiediate position K, the resultant or equivalent eccentric 
may be approximately found by drawing a circular arc through the 
points E, P, F, as shown enlarged at E6F (Fig. 86), and dividing this 
arc in the same ratio as BK : KD (Fig. 85), as explained below. 

An application of this method, with the addition of the Zeuner 
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valve diagram drawn upon the equivalent eecentno radius, is useful 
in finding the travel, the lead, pruntg of admission, cut-ofF, compression, 
and release for any position of the block in the link. Thus, let OE 
(Fig. 86) equal the eccentricity of the eccentric, and draw the angle 
EOE' equal to the angle a (Fig. 85), and make EE' at right angles to 
OE. Let fall perpendiculars from E and E on the horizonlal through 
O, cutting it in a and 5. Draw the lap circle OL. Then, if the 
extreme end of the link B 
(Fig. 85) is moved till it 
coincides with A, OF is the 
half-travel of the valve, and 
La is the lead. "W hen the 
link is moved so that the 
block is in mid-gear, then 
Ob is the half-travel of the 
valve, and Lb is the lead. 

For any intermediate posi- 
tion of the block A in the link, produce Ea to F, and make aF = uE, 
and draw the arc of a circle through points E, b, and F. Then E6F 
may be looked upon as a miniature link, and if a point K be taken 
so that EK : KF as BK : KD (Fig. 85), then OK is the equivalent 
eccentric for that position of the block in the link. 

Circles drawn on OE, OK, Oh as diameters give, by their inter- 
sections with the inside and outside lap circles, the points of admission, 
cut-ofF, etc., for the respective positions E, K, b, etc., of the block in 
the link. It will be seen, on drawing these circles, that as the link 
approaches mid-position the following changes occur: (1) the lead 
of the valve increases ; (2) the 
travel of the valve decreases ; (3) 
cut-off, release, exhaust closure, 
and re -admission take place 
earlier. 

The effect upon the indicator 
diagram (Fig. 87) of “notching 
uj) the link, or bringing the 
link nearer to mid-gear, may be 
compared with the Zeuner dia- 
gram for the respective positions. 

Each operation of the valve, 
namely, admission, cut-off, release, 
and compression, taking place 
earlier as the link approaches 
mid-position, the effect upon the 
shape of the indicator diagram, 
and therefore also upon the mean 
effective pressure of the steam in 
the cylinder, is very marked. 

Link Motion with “ Crossed ” Arms. — When the eccentric rods are 
attached to the link as shown in Fig. 80, the effect on the steam 
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for Tiaious po»itions of tlie link will be seen from S*ig. 
86» The line El?' is drawn at right angles to OE. As befctfe 
explained, OE'' is set off on the o^o%iie side of OE, making an angle 
« with it (see Fig. 84). Then a perpendicular through E" on the 
horizontal line through 0 gives a point ft, and an arc drawn through 
h and E from a centre on line 06 produced, and drawn concave 
towards the link, gives a curve representing the path of the centres 
of the equivalent eccentrics as the link moves from full to mid-gear. 
Thus OK is the radius of the equivalent eccentric for position K of 
the block in the link, assuming EP to be the actual link to a reduced 
scale. If valve circles be <lrawn on OE, OK, and 06, and the lap 
circle b© added, it will be seen that as the link approaches mid- 
position — (1) the valve^travel and the port o])ening rapidly decrease 
(compare OK in Figs. 86 and 88) ; ( 2) the lead decreases ; and (3) 
the gear may be designed so as to give no port opening when the 
link is in mid-pogition. 

In setting a link motion, the port opening or lead is usually set to 
he the same at both ends of the stroke when the link is in mid-gear. 

The Meyer Expansion Valve Gear. — This gear, illustrated in Figs. 
S9 and 90, consists of two plates sliding on the back of a main valve 



Fig. 89. 


as shown. The dcigree of ex})ansion is regulated by varying the 
distance apart of the two plates as required, by means of a right and 
left handed screV. 

In Fig. 90, MV is Ihe main or distributing valve, which is aii 
ordinary simple slide-valve, with the addition of pieces at the ends 
to form ports, p, through the valve. EV are the expansion A^alve 
plates. Consid(;r the expansion valve EV moving to the Jieft ; 
then when e reaches n cut-off takes place, and the port in the main 
valve MV is closed, till on the rt‘turn stroke e again moves to ^the 
right of 71. Evidently, by increasing the distance between the two 
plates of the expansion valve, the distance s between e and n — when 
both valves are in mid-position — is decreased, and cut-off takes place 
earlier. 

The main valve acts as an ordinary slide-valve, and the engine 
might be worked with it alone if the expansion valve were entiredy 
removed; though in that case the steatn would be supplied to the 



cylinder during the greater portion .of the piston-stroke, laction 
of the expansion valve does not in any way affect the action of the 
exhaust through the 
main valve. 

The relative mo- 
tion of the two 
valves may be con- 
veniently found by 
making an outline 
drawing of the valves 
and ports (Fig. 90), 
and drawing on the 
centre line above 
the valves, a circle 
representing the 
patli of the centre of 
the expansion eccen- 
tric, and below the 
valves a circle re- 
presenting the path 
of the centre of the 
main-v^alve eccen- 
tric, both circles to 
the same scale as 
tliat of tlie valves. Fig 90. 

On these circles 

draw the relative positions of the crank and eccentrics. Thv> main 
eccentric is set as for a simple valve, and the angle COE is known, 
having given the lap and lead of the main valve. 

The expansion eccentric is usually set right opposite the crank for 
a reversing engine; for a non-reversing engine the angle C'O'E' is 
somewhat less than 180°. 

Assuming the limits of cut-off, say, from 0*8 to 0*2 of the stroke, 
then first by the method of templets : Let templets of the valves 
be made preferably full size, and so that they may be moved relatively 
to each other, and let the crank and eccentric on the respective circles 
drawn above and below the figure be placed in position correctly for 
0*8 stroke of the piston. Draw perpendiculars from the respective 
eccentric positions E and E' of the eccentrics, moved to position j on 
th^ circular path, and let the centres of the respective valves coincide 
with these lines. Then the edge e of the expansion plate must be so 
pljiced as to cover the port, the centre line of the plates remaining as 
determined by the position of the eccentric. Proceeding similarly for 
the other limit, the range of opening and closing of the plates will be 
determined. 

The plates composing the expansion valve must be sufficiently wide 
to prevent re-opening of the port in the main valve before the cylinder 
port is closed. 

Application of Zeuner Valve Diagram to Meyer Valve Gear.— 1» 
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Pig. 91, if OC represent the position of the crank, OM that of the 
main-valve eocehtric with angular advance and OE that of the 

I 



expansion valve with angular anvance <^, then Oa is the distance 
of the main valve from its middle position, and Oh the distance of the 
expansion valve ] also ah is the distance between the respective centres 
of the two valves. If now OD, Fig. 92, be drawn equal and parallel 
to EM, and a perpendicular Dd be let fall, then Od = a6, and OD 



may be considered as an eccentric with angular advance and 
eccentricity OD, which governs, for any part of its path, the rela- 
tive position of tlie centres, or the relative motion of the main 
and expansion valves. 

On OM (Fig. 93) describe the main- valve circle, and on OE 
describe the expansion- valve circle ; also on 01) describe a circle 
representing the relative-motion circle. Then, for any position OA 
of the* crank, Om is the distance of the main valve fi*om its mid- 
position, and Oe is the distance of the expansion valve from its mid- 
position. Hence em is the distance between the centres of the two 
valves. But Od = em^ because if lines be drawn on OA from M, E, 
and D respectively to m, e, and these lines are parallel, for eacfe of 
them, forming angles in a semicircle, are perpendicular to OA. But 
OD and ME are equal. But when a line (as OA) cuts perpendiculars 
from the extremities of two equal and parallel lines (OD and EM), 
the perpendiculars intercept equal portions of that line ; therefore 
Od ssr em. And for any position OA of a crank, the radius vector Od, 
intercepted by the relative-motion circle, gives the relative positions 
of the centres of the main valve and the expansion valve respectively. 



THE SLIDE-^VALVE. 


87 


Referring to Fig. 90, we see that wh^;n the centres of the valves 
are at a distance apart = = «, then cut off or re-admission will 

take place. There- 
fore, if a circle bo 
struck from centre 
O (Fig. 94) with 
radius « = cut- 
off will take place 
when the crank is at 
00, and re-opening 
of the valve port will 
take place when tho 
crank is at OC'. 

From this it will 
be seen that, having 
given the position of 
the (jrank at which 
cut-off is required, the value of a may be determined by the length 



Fig. 93. 
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of the line representmg the crank position which is intercepted by the 
relative-motion circle. 

If the value of 8 becomes greater than OD, the expansion valve 
becomes useless, merely contracting the port in the main valve instead 
of closing it. To cut off at early points in the stroke, the value of 
8 may become negative — that is, the expansion plates overlap the ports 
of the main valve when both valves are in mid-position. Thus od^ is 
the negative value of s to cut off at crank-position OP^, or at 0*1 of the 
stroke of the piston. 

The various values of 8 are brought down on to one line, LF, and 
these distances may be used for graduating the scale by which the 
valve may be set for any desired point of cut-off. 

Reuleaux Diagram for Meyer Valve Gear.— The action of the 
expansion valve may be easily followed from this diagram (Fig, 95), 



Thus, taking the same example as in Fig. 94, draw the main- 
valve circle with radius OM, equal to the eccentricity of the mafti- 
valve eccentric. Draw also the relative-motion circle witli radius 
OD of the relative motion or virtual eccentric (obtained as explained 
in Fig. 92), and from the same centre the crank circle CjCa to any 
convenient scale. 

From AB make the angle AOM = ^ = the angular advance of the 
main-valve eccentric, and in a direction opposite to the crank-pin 
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motion; and draw DD, making an angle y with AB, the angular 
advance of the relative-motion eccentric. From MO set off the lap 
line of main valve parallel to MO, and at a distance I from it Then, 
with main valve, port opens at crank-position GCj ai d closes at OCjj. 
From DD measure a distanc*^, Sj corresponding with « in Fig. 90 . 
Then OC3 is the position of the crank at po:n<^ of cut-off. If g be 
negative, that is, if the expansion plates overlap the ports in the 
main valve when both valves are in mid-position, set off Sg = lap of 
expansion plate. Then cut-eff takes place earlier in the stroke, 
namely, when the crank is a* GC4. 

The expansion valve, for position Sj of the plate, re-opens ihe port 
in the main valve at It will be seen that (>5 falls behind Oj . — that 
is, the main valve has closed the steam port before the expansion 
valve re-opens the valve port. If Cp had fallen before Ca, the steam 
would be admitted to the cylinder twice during the stroke. 



CHAPTER V. 

THE INDICATOR. 

The indicator was originally invented by James Watt, and although 
improved in points of detail, the main features of the instrument as 
devised by him are substantially retained at the present time by 
makers of indicators. 

The uses to which the indicator is chiefly applied are — 

1. To obtain a diagram from which conclusions may be drawn as 
to the correctness or otherwise of the behaviour of the steam in the 
cylinder ; the promptness of the steam admission ; the loss by fall of 
pressure between the boiler and the cylinder ; the loss by wiredraw- 
ing ; the extent and character of the expansion ; the efficiency of the 
arrangements for exhaust, including the extent of the back pressure ; 
the amount of compression. 

2. To find the mean effective pressure exerted by the steam upon 
the piston, with which to calculate the indicated horse-power of the 
engine. 

3. To determine whether the valves are set correctly by taking 
diagrams from each end of the* stroke, and observing and couaparing 
the respective positions of the points of admission, cut-off, release, 
and compression. 

4. To determine tlie condition of the steam as to dryness when 
the diagram is measured in connection with the known weight of 
steam supplied to the cylinder per stroke. , 

Description of the Indicator. — The instrument, of which there are 
several different types, consists essentially of a small steam-cylinder 
containing a piston, and spring to regulate the movement of the 
piston according to the pressure ; a pencil carried by a system of 
light levers constituting a parallel motion, by which the pencil 
reproduces the vertical movement of the indicator piston, but 
magnified four, five, or six times ; and a drum to which a paper or 
“ card is attached, and which receives a backward and forward 
rotation on its own axis by a motion derived by a reducing gear 
from the crosshead or other suitable portion of the engine. 

By the combined vertical movement of the pencil and horizontal 
movement of the paper, a closed figure is drawn called the indicator 
diagram. The enclosed area represents the effective vrork done by 
the steam upon the piston ; the upper portion of the diagram represents 
the varying pressure of the steam during the forward or impulse 
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stroke of the pi.ston, and the lowei portion that during the backward 
stroke. 

The diagram traced by the indicator pencil differs more or less 
considerably from the theoretical (pv) diagrams ah^ady considered^ 

l 



• Fig. 9G. 

but the actual diagram is usually the more satisfactory, as it 
approaches the more closely to the form of the theoretical diagram. 

Three indicators will be here described, as sufficient for our 
purpose, namely, the Thompson indicator, the Tabor indicator, and 
the outside-spring indicator by Messrs. Elliott Bros. 

1. The Thompson indicator is illustrated in section in Fig. 96. 
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The indicator and tap here shown are screwed into a union connected 
immediately with the end of the cylinder. 

The area of the indicator piston is one-half square inch. It is 
put into communication with the engine cylinder by opening the 

tap. The steam then lifts the piston, 

) compressing the spring to an extent de- 

[ ^ pending on the pressure. 

1 1 . The piston has no packing, and makes 

an easy fit with the indicator barrel. 

The piston-rod is connected to the pencil 
lever by means of a ball joint and a small 
I milled nut. 

The upper* side of the piston communi- 
^ I cates with the atmosphere by means of 

i small holes in the upper portion of 
Fig. 97. ** cylinder. 

The drum upon which the paper is 
fixed for receiving the diagram is carried by a disc which rotates on 
a vertical pin The dr um is pulled in one direction by a cord, 

attached through^ a reducing 

errors due^ to inertia ^ which 

Fig. 98. the limits of its motion. 

To change the spring in the 

* From a paper by Mr. C. F. Budenberg, M.So., on “ Steam Engine Indicators.” 



THE INDICATOR, 


93 


Thompson indicator, unscrew the small milled nut by which the piston- 
ivd is attached to the pencil lever. Then unscrew the cylinder cover, 
and remove the cover, spring and piston. Unscrew the spring from 
the cover, and lastly from the piston. Proceed in the reverse order to 
fix a new spring. 

2, The Tabor indicator is illustrated in PigL. 98 aii.d 99. The 



Fig. 90. 


most noticeable feature of this indicator is the means employed to 
secure a straight-line movement of the pencil. A plate G containing 
a curved slot is fixed in an upright position, and a roller fixed to the 



STEAM-ENGINE THEORY AND PRACTICE. 


94 


pencil lerer H !s fitted so as to roll freely in. the slot. The curve of 
the slot is so formed that it exactly neutralizes the tendency which 
the pencil has of describing a circular arc, and the path of the pencil 
is a straight line. This arrangement reduces the weight of moving 
levers to a minimum, and this instrument is especially suitable for high 
speeds. The pencil movement consists of three 'pieces — the pencil 
bar H, the back link K, and the piston-rod link L. The two links 
are parallel to each other in every position. The lower pivots of 



these links and the 
pencil-point are always 
in the same straight 
line. If an imaginary 
link, parallel with the 
pencil bar, be supposed 
drawn from the bottom 
centre of one link to the 
other link, the combina- 
tion would form a pan- ‘ 
tagraph. The slot and 
roller serve the same 
purpose, but to better 
advantage. 

The pencil ^mechan- 
ism multiplies the pis- 
ton motion five times. 
To change the spring 
of the Tabor indicator, 
remove the cover and 
loosen the screw be- 
neath the piston, which 
liberates the pistcni 
from the piston-rod. 
Then unscrew the pis- 
ton from the spring, 
and the spring from 
the cover. Proceed in 
the reverse order to fix 
another spring. 

Selection of Spring 
for Indicator.—Springs 
are made of various 
strengths to suit «the 
pressure of steam em- 
ployed in the engine 
to be indicated, weak 
spiings being required 


Fig. 100. 


for low pressures, and 


strong springs fci liigh 
pressures. The strength of the spring is marked upon it ; thus a ^ 
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spring gives a reading of 1 lb. per square inch pressure for every - 5 ^ 
in. vertical movement of the indicator pencil. 

The strength of the spring chosen depends upon luhe height of 
diagram required, whmh might be 2^ to 3 in. for slow speeds to 
not more than half that height for high speeds, kt 100 lbs. pressure 
in the steam-chest, and no loss by throt cling, a spring would 
give a diagram 2 in. above the atmospheric line, a -X spring about 
1 ^ in., and so on. In measuring the di{igram to hnd the mean* 
pressure, care must be taken that the scale used is the same as that 
of the spring in the indicator. 

3# The construction of the outside-spring indicator, by Messrs. 
Elliott Bros., will be undei stood from the diagrams (Figs. 100, 
101). It possesses the advantage of 
having a spring which is not exposed 
to high temperature, and which is 
therefore especially suitable for indi- 
cating engines using superheated 
steam, or engines using steam of high 
pressures and temperatures. 

Attachment of the Indicator.— A 
hole is drilled at each end of the 
cylinder, and tapped to receive a half- 
inch steam-pipe, to which to connect 
the indicator-cock. Care must be 
taken, in fixing the position of the 
hole, that it is in no danger of its 
being covered by the piston of the 
engine at the end of the stroke. The 
jiipe connecting the indicator should 
be as short and direct as possible, 
and be well lagged. Long pipes and 
sharp bends may greatly interfere 
with accuracy of results. 

Reducing Motions. — The motion of 
the indicator drum must be an exact 
reproduction of the motion of the 
piston, or crosshead, on a reduced 
scale. The length of the indicator diagram is usually from 3 to 4 
in., or longer for slow-speed engines; at high speeds the length is 
reduced. The movement of the drum is obtained by some arrange- 
ment for reducing the motion of the crosshead in the following 
rati^, namely — 

(length of diagram required) -f- (length of stroke of engine) 

The method of obtaining the movement required differs according 
to the design of the engine to be indicated. The cord used for 
attaching the drum to the moving part of the engine should be as 
short as possible, and the cord itself well stretched before being used 
for such a purpose. 



Fic. 101. 
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Fig. 102 shows a method of fitting up an indicator gear for a small 

vertical engine, as used by 
the author for experimental 
purposes. Figs. 103-107 show 
other methods, as applied to 
horizontal engines. The points 
requiring special attention 
are — 

(!) The point from which 
the motion of the cord is taken 
must be a correct reproduc- 
tion of the motion of the cross- 
head to a reduced scale. 

For this purpose it is neces- 
sary that the ratio AB : AC 
should be constant for all 
positions of the crosshead (see 
Figs. 103, 105, and 106), where 
C represents a pin moved by 
the crosshead of the engine, 
and B the pin to which the 
indicator string is attached. 
The cord is carried away 
fiom the pin B parallel 
to the centre line of the 
engine ; but when the cord is 
taken off the circumference of 
a portion of a disc, as shown 
in Fig. 104, the cord may be 
carried away to the indicator 
in any direction, because the 


A 



J 



Fio. loa 
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travel of any point tn the cord throughout it« length is the same for 
all directions of the cord. 



■ V 

\ 



Fio. 104. 


Fig. 107 is a })antagrap}i, the point A being connected to the cross- 
head, while the point C is a fixed centre. The (^ord is attached to E, 
so placed that E is in the straight line joining A to C. 

(2) The cord must in all cases (^exce])t when attached to the circum- 
ference of a disc) be led away from the driving-point in a line parallel 



to the line of motion of the piston to a leading-off pulley, aftoT which 
it may be taken at any angle, in the same plane, to the indicator 
drum ; the important point being that the motion of the cord at the 
drum is the same as its motion at the driving-point. 

Sometimes a reducing motion is fixed to the indicator direct, and 
consisting of two pulleys whose diameters are in the same ratio as 
(length of "diagram required) : (length of stroke of engine). Then 
a cord led from the large pulley to the engine crosshead by a. suitable 
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^gmde pulley, and another cord from the small pulley to the indicator 
drum, give the motion of the drum required without any levers. 

Method of takin^f In- 
dicator Diagrams,— 

1. Lubricate the indi- 
cator piston. 

2. Before attaching 
the indicator, blow 
through the pipes to 
see that tliey are clear. 

3. Adjust the drum- 
cord so that the drum 
rotates freely without 
knocking at either end 
of its stroke. 

4. Place the cord on 
the drum, and attach 

]07 . the cord to the driving- 

• ])oint. 

5. Warm uj) the iiicli(;ator by admitting st(%‘im for a few seconds. 

■ G. Wluni the steam is shut off, bring tlie pencil round till it touches 
the card gently, and draw a fn-m line. Adjust tlici stop-screw so that 
th(} pressure on tiie pcmcil caiinot aft(Twards excossivi\ 

The line drawn while the steam-cock is shut is called the “ atnaj- 
spheric line.” 

7. Of^eii th(^ st(‘.am-cock, api)ly the p(mcil to the card, and draw a 
diagram. Allow the pencil to nunain against the card till several 
diagrams arc traced one upon another. 




Fig. 108. —XY = atmospliorh* lino; AB = admission line; BO = steam 
line ; CD = cxi)ansiori line ; DB — exhaust line ; EF = back-pressure 
line; FA = comproBsion line; A = point of admission ; C = point of cut- 
off; D = iK)int of release; F — point of compression. 

8. Remove the card and mai-k on it the following particulars ; — 

Name of engine 

Date 

No. of diagram 

Scale of spring ... , . ... ^ 
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Cylinder diameter ... . 

,, stroke 

Which end ’ 

Diameter of piston-rod ,. .. 

Revolutions per miintc 

Boiler pressure . . ' 

Vacuum 

Barometer ... ... 

Initials , 

The Indicator Diagram.— Fig. 108 is aii example of a conimoa 
form of diagrain from a single eylinrler non-c(mdensiiig erigiiio 
running under good working eonditiot:s : — 

The admission line, aB (Fig. 108), shows the nse of j^>res.suro of 
the steam as it enters the cyhmh'r. The character of this line 
varies with the lead of the valve : thus in Fig. 109, the ellect of too 
(^arly opening of the port to steam is shown by the dotted line m; 
too late action is shown at n, Fig. 110. 

The steam line, BO (Fig. 108), shows 1 low nearly the steam pressure 
in the cylinder reaches, that of the boiler. ]^\)r this purpose it ir 
usual to draw the boiler-pnvssun^ line over the si earn limj as shown 
in Fig, 114. Then* is always a certain fall of ])ressur (5 between 
the ])oiler and tin*- cylinder in cous(‘quencc of throttlijig of iha steam 



Fi(i. 109. — m = excess of lead; p~ FiG. 110.— n = insiiflfieient lead ; ~ late 
win^lrawiiig; «:= early rel<*aae ; r exhaust; u’ = late com ja’cssion. 

e.arly corniiression. 

in the ports and passages, and especially at high speeds, when work- 
ing linked up, also with very long steam-pipes, or with steam-pipes 
too small in diameter or having sharp bends. 

i\gain, during the flow of st(‘-ain into tlie cylinder there is often a 
further gradual fall of pressure, as shown hy dotted line p (Fig. 109), 
due to the increased demand for st(‘.am as the piston advances, causing 
a sudden large displacement. This elFect, namely, the gradual fall 
of pressure during admission, is known as wiredrawing.” 

The effect on the steam line of regulating the engine by a throttle 
valv®, and thus varying the opening for the supply of steam, is shown 
l)y Fig. Ill, which was ol stained l)y successively removing portions 
of the loatl on the engine and mainta.ining the speed constant by 
partially closing the steam-suj)])ly Aalve. 

The forward-pressure line A for a heavy load fell to J> for a 
medium load, and to C for a light load, the points of cut-off, release, 
and compression remaining constant. 

The point of cut-off, C (Fig. 108), is more or less sharp and definite 
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with trip-valve* gears, which cut off suddenly by the action of a 
strong spring ; but with the slide-valve the cut-off is more gradual, 
the corner is rounder, and the point of cut-off is more difficult 

to locate. In such a case the point of cut-off may be taken at the 
point where the concave curve of the expansion line meets the convex 
curve of the cut-off corner. 

The efiect on the diagram of varying the point of cut-off is shown 



Fig. 111 . Fig. 112 . 

in Fig. 112 for non-condensing engines, and in Fig. 113 for con- 
densing engines with a trip-valve gear, the (iut-off being fairly sharp. 

Fig. 114 shows the effect of regulating tlui (mt-otf witli a slide- 
valve high speed engine. Here the cut-off point is much less definite 
than with a trip gear fFig. 113). 

In the non-condensing diagrams (Fig. 112) with an oaily cut-off, 
it is seen that the expansion line falls below the atmosplieric line, 
and forms a loop at the end of the diagram ; this is diu^ to the pres- 
sure of steam during expansion falling below atinosphtum; pressure, 
and bonce, when the exhaust port opens, tlie pressure will rise instead 




of fall to the back-pre.ssure line. Tliis is a most wasteful form of 
diagram. ^In condensing engines with a good vacuum, a loop is not 
formed ev(m with a very early cut-off {Mg. 113). 

Where it is necessary to work regularly witli a very early cut-off, 
the conditions are uneconimiical, and the engines are too larg6 for 
their work. 

The expansion curves of indicator diagi-ams vary considerably, and 
they do not obey any very definite law. They an?, in fact, the 
resultant effect of a variety of separate causes, operating to a 
different extent in difierent engines, and e^ en in tln^ same engine 
by change of conditions. These causes include : increase of volume 
of the steam after cut-off ; condensation by work done and by loss of 
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heat to the internal cylinder surface ; re-evaporation of water present 
in the cylinder during expansion. 

It is, however, frequently helpful to apply to the expansion line 
of a diagram an approximate standard, and for this purpose the 
hyperbolic curve is used, and, without expecting the dieo-ram neces- 
sarily to follow that curve, useful infcrmation may soiuotinies be 
obtained by its aid, especially as to the probable extent of re-evapora- 
tion in the cylinder. The method of applying this curve to the 
d digram is explained on p. 109. 

The release point, (Kig. 108), occurs jnst before the end of the 
stroke. The higher the rate of revolution of the engine the earlier 
the exhaust, the trouble with hi^h-speed engines being not so much 
how to get the steam into the cylinder as how to get it out 

The exhaust line, DE (Fig. 108), represents the fall of pressure which 
takes place when the exhaust port is opened. Fig. 1U9, p. 99, 
shows, by dotted line, early opening to exhaust at s, ond Fig. 110 
late exhaust at t. 

The hack-pressure line, EF (Fig. 108), shows tlie pressure against 
the piston during its return stroke, the amount of the pressure being 
measured from the back-pressure line down to the zero lino of pres- 
sure. In non-condensing engines, the back pressure (coincides the 
more nearly with the pressure of the atmosphere as the exhaust 
passages permit of a free exit for the steam. In good non-condensing 
engines the back pressure is about 1 lb. above tlie atmos 2 )here, and in 
condensing engines about 3 Ib'S. above zero. 

The coynpressivn curve, (Fig. 108), commences from the point of 
exhaust closure at F, The point of closure depends upon the amount 
<»f inside lap on the valve, and the angular advance of the eccentric, 
and the nature of the (mrvo formed will dep(m(l upon the prossurii 
of the steam trapj)ed, as well as upon the volume of the clearance 
sj)ace. A valve having an amount of inside lap suitable for a con- 
<l(!nsing engine when the pressure of the steam at beginning of 
compression is only, say, 3 lbs. absolute, will j)robab]y show an 
excessive amount of compression when the same engine is used 
non-condensing, and compressing steam at IG lbs. absolute pressure. 

The shape of the comin-ession corner of the diagram is, howe\'er, 
the resultant eHect of several causes, including the coinpT'ession of 
the steam enclosed ; compression of air trapped with the steam, 
especially in non-condensing engines ; leakage of steam into and 
out of the cylind(U‘ during compression ; and the early admission 
of steam before the j)iston has yet reached the end of its backward 
stroke, especially with a link motion linked up towards mid- 
position. 

Clearance. — This is the space enclosed between the piston and the 
face of the slide-valve when the piston is at the end of its stroke, 
arul includes the space bfitween the piston and cylinder cover, the 
volume of the steam-port up to tlie face of the slide-valve, and the 
volume of any other pipes or passages opening into the cylinder 
requiring to be filled with steam each stroke, such as auxiliary 
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starting valve pipes, relief cock, and indicator connections. The 
clearance volume is relatively greater in small engines than in large, 
and varies from 3 to 10 per cent, of the piston displacement. With 
piston valves the clearance volume may reach 25 or 30 per cent. The 
clearance space, though generally a source of loss when considered in 
connection with steam consumption, is necessary for practical reasons 
— first, to avoid danger to the cylinder covers by allowing space for 
the small amount of water which is invariably present to a greater or 
less extent in engine cylinders ; and also to provide passages sufficiently* 
large for the ready ingress and egress of the stc'.am. Since the clearance 
volume depends upon the aT*ea of the piston, and not upon the length 
of stroke, it follows that in the short-stroke cylinder of large diameter 
the clearance volume is necessarily a large proportion of the piston 
displacement. 

The cZearawee Zme, OP (Fig. 115). Before this line can be drawn, 
the volume of the clearance space must be obtaim^d by calculation 
from the drawings of the cylinder, or by measurement. Then, if 
vertical lines be drawn touching the ends of the indicator diagram, 
the distance between tliem re})resents the piston ditL^placernent. The 
clearance line must then be set back from the line through AB, so 
that its distance OB from the end of the diagram is to the whole 
length of the diagram BC, as the volume of the ck'arance is to the 
volume of the piston disjdacement. 

Tlie zero line of presmre^ or line of perfect vacuum, is drawn 14*7 lbs. 
below the atmospheric line, or, more coiTectly, by the reading of tln^ 



Fin, J 15. — Oli = clejimiico volume ; BC = Fig. J 10. 

piston displjKJemcnt. 


atmospheric pressure from the barometer, which is set ‘down from the 
atmospheric line to the same scale of pounds as the spring us^d in 
drawing the diagram. 

Effects of Clearance. — 1. Effect of clearance on the ratio of 
expansion : — 

In Fig. IIC), let V = piston displacement ; c. — clearance volume ; 
a = piston displacement at cut-off; 11 ~ nominal expansion; r- 
actiial expansion. 

Assuming hyperbolic expansion 
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Then R = 


volume Y 

volume at cut-off a 
Y + c 


U 4- c 
T) cub. ft * c 


— 1 cub. ft. ; initial pressure 


Example. — Let Y 
= 100 lbs. absolute. 

Then cut-off takes place at } of the stroke,' and, neglecting the 
effect of clearance volume, the nominal number nf expansions R = 5. 

But when, the clea'^ance volume is added, then the actual number 
of expansions — 

final volume Y -|- c C 




volume at cut-off a -j- c “ 2 


Or the actual ratio of expansion is instead of j.-. 

The terminal pressure ) initial volume _ a 

neglee^tiiig clearance j - bO X volume ^ 

The terminal ])ressure | c -f a 

including clearance ) ~ ^ V -f c ^ 

Clearance steam does no work on the piston during admission ; but 
.after cut-off its effect is to raise the pressure during expansion, ot to 
permit a larger expansion for a given terminal pressure, and thus to 
increase the area of the expansion portion of the woi'k diagram. 

2. Effect of clearance on steam consumption when the stciam is 
admitted to the cylinder through the whole length of strokes, and 
with no compression of exhaust. 

Here evidently the clearance volume is filled tsach stroke by 
st('am that does no work on the piston, 
and the steam so used is all wasted at 
Uie exhaust. 

3. Effect of clearance on work done 
per unit volume or weight of steam with 
expansion. 

(a) Taking first the case (Fig. 117) 
whore clearance volume = 0 and coui- 
pression =: 0 : To find the work done 
per unit weight of steam, wliich is here 
taken as the weight of 1 cub. in. of steam 
at 75 lbs. absolute pressure, expanded 
down to back pressure of 15 lbs. absolute. 


75 


// d 


[area] 

= I 

- /5jc. _ 


0 I d 3 4 5 CU IN 

Fig. JJ7. 


area 


= 39*15 


Mean pressure - 

mean pressure - _ 5 ~ 5 

or mean effective pressure = 39 T 5 — 15 = 24*15 IVjs. 

Work done per unit of steam admitted = 24*15 X 5 = 120-75 inch-lbs. 


(h) Taking, secondly, clearance volume = 0*5 cub. in. and com- 
pression = 0 (Fig. 11<S). 

Here for the same terminal pressure the piston displacement may 
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be increased to 7 cub. in., the number of expansions being five in 
each case. 

^ final volume _ 7-t5 ^ ^ 
original volume ~ i -6 

Mean pressure 1 __ area _ 75 4- (75 x Vb)logj _ 
during stroke j length "■ 7 — o 

or effective pressure = 36*59 — 15 = 21*59 
Work done per cubic inch of steam admitted = 21 *59 X 7 —■ 1'^ 

= 100*75 inch -lbs. 


This result, namely, 101*75 units of work per cubic inch of steam 
admitted, compared with 120*75, which is the amount of work done 
per unit of steam with no clearance space in the cylinder, shows a 
loss due to clearance space in this example of 16*5 per cent, in work 
units per unit of steam. Both these cases are without compression. 

(c) Taking the same data as before, but with compression during 



CUB IN 


Fia. llvS. — Aren efcd = 1 ; area ahed = 

1 * 5 . 



the backward stroke from atmospheric pressure up to initial 
pressure (see Fig. 119). 

Considering the case numerically, it has been shown, case (a), that 
the figure chdf without clearance (Fig. 119) is 0 (iui valent to a work 
area of 24*15 x 5 = 120*75 units; also, by case (?>), that the figure 
cMe with clearance is equivalent to a work area of 21*59 x 7 = 
151*13 units, or a difference equal to the area fde of 30-.38 units. 

But the area of the figure oha2 = (lo(j^ r = 5 = 1*61) times the 

area of the clearance volume rectangle og = 1-61 x 75 X 0*5 = 60*375. 


The mean pressure = 


area ohii2 


length o2 

Deducting pressure of atmosphere, 30*1875 
Work units performed during forma- 
tion of compression corner ahe 


60 375 

-- - 2 - : 


30*1875 
15 = 15*1875 
15*1875 X 2 = 30*375 


That is, the negative work area of compression ahe is equal to the 
positive work area fde due to increased expansion. 

Therefore the work area chdf without clearance is equal to the 
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work area ahde with clearance, and each of these areas has been 
formed with the same weight of steam. Hence there is no loss by 
clearance when compression is carried tu initial pressure, and when 
exj)ansion is carried down to back pressure. 

In practice the two latter '‘onditions are rarely fulfilled, and there 
is, therefore, usualjy a considerable loss by cleaiance, Copecially when 
the clearance volume is proportionally large, ac; in short-stroke high- 
speed engines. 

The compression of the steam tow ar 0:4 uhe end of the exhaust 
stroke is of more iiaportance from the point of view r.f smooth 
running and the prevention of shocks than of steam economy ; and 
the higher the spceci the more necessary is it to have a good com- 
pression corner to the diagram. 

The Stephenson link motion fulfils this condition very efficiently 
by providing an increasingly early closure to exhaust, and an increps- 
ing lead when linking up takes pla<^e at high speed, the comliined 
effect of which is to give a large compression corner, shown in Fig, 
87, and thereby to improve the smoothness of running of the 
engine. 

Limit of Useful Expansion.^Tn additu n to the limit which cylinder 
condensation and excessive variation of stress upon the piston ni/iy 



Fig. 120 . 

place u])on the number of expansions permissible in a single cylinder, 
there is a further reason for limiting the number of expansions, 
namely, the work to be done by the engine in overcoming back 
pre>ssure and friction ; and this applies to both simple and compound 
engines of all classes. 

The proportional Ioks due to work done against the back pressure 
of the atmosphere increases directly as the expansions increase, 
while the gain due to increased expansion is a gradually decreasing 
one. A limit is therefore eventually reached, beyond -which further 
expansion would involve a loss. This is well illustrated by the 
following (Fig. 120), wdiich is a modification of a diagram by Willans. 
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From the point O a vertical line, OW, is drawn representing work 
done in foot-pounds, and Oa is a line of volumt's in cubic feet. 

On the vertical line through O a scale is set off of work done per 
cubic foot of steam at any required pressure ( = PY). Then, assum- 
ing hyperbolic expansion, the work done by expansion from 1 to 2, 
3, 4, etc., cub. ft. is set up to scale on the vertical lines from the 
respective points 2, 3, etc., on the lino Oa. 

Thus at 2 cub. ft. the height of tlio vertical 2K for any pressure, 
as 75 lbs., = PV(1 + loge 2); at 3 cub. ft. = PV(1 -f- loge 3), etc. 
These vertical lines represent to scale the total work done by the 
steam during admission and expansion, 2, 3, 4, etc., times. 

But these totals will be reduced by the work done against back 
pressure. For non-condensing engines, taking 16 lbs. per s(juare 
inch absolute to represent back pressure due to the atmosphere, and 
2 lbs. per square inch of piston to overcome the friction of the engine, 
then from l set up PV due to back pressure = (18 x 1) ; fi’om 2 set 
up (18 X 2), and so on, Then the height of the vertical from Oa to 
meet the oblique line through e represents the work done against 
back pressure and friction for non-condensing engines. Similarly, 
an oblique lino through c is drawn for condensing engines, allowing 
6 lbs. absolute for work done against back pressure and in over- 
coming friction. 

Then the vertical ordinates measured at each ratio of expansion, 
from the friction line to tlie curves, give the theoretical net effective 
work for the initial steam pressure taken. 

The most effective number of expansions is where this ordinate is a 
maximum. A dotted line (m) is drawn representing the number of 
expansions, Ix^yond which it (locs^ not pay to go. The limiting ratio 
of expansion for non* condensing engines was given by Willans as 
(absolute initial pressure) 25. For condensing engines, it will be 
seen from the figure that the limiting ratio {m') is much higher, and 
in practice the number of expansions = (absolute initial i)ressure) 
-f 14 approximately. 

Indicated Horse-power (I.H.P.). — The formula is given on p. 2. 
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It is convenient to use a am- 
stant for each engine = L x A 
-f- 33,000, where L = length of 
stroke in feet, and A = effective 
area of piston in sejuare inches. 

Then— 

P X N X constant = I.H.IJ. 

where P = moan effective pres- 
sure, and N = number of impulses 
per minute. 

The mean effrefive pressure, as 
obtained from an actual indicator 


diagram, is the mean width of the figure measured by the scale of the 
indicator spring with which the diagram was taken (Fig. 121). 
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The mean forward ^pressure is the mean height of the irregular 
figure cahd from the zero line of pressure. 

The 'mean hack jpTcaBure is the mean height of the irregular figure 
cehd from the zero line of pressure. The difierr ice between the 
mean heights of these? two figures = the mean effective pressure. 

Mcusureuient of Moan Pressure. — Poi this ■’)urpooe two methods 
may be adopted— first, the method of ordinates ; or, second, the use 
of the planimeter. The method of ordinates is as follows: Draw two 
lines at right angles to the atmospheric 'line^ touching the diagram 
at its extreme ends and di^iue the space between them into 10 equal 
parts (or, when great accuracy is rc^quired, into 20 e(iual part'’'). 

In order now to hnd the mean width of the diagram, nnasuie the 
width in the centre of each space by the scale corresponding to the 
spring of the indicator, add the resalts together, and divide by 
the number of measurements; the result will be tlie mean efiecti‘/e 
pressure. 

The pla'nmrtcr is an instrument by means of wliich the mecn 
pressure may be obtained from the diagram more rapidly tlian 
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by measurement. Then' are various kinds of planimetei*s, as th(^ 
Amsler planimeter, the Collin averaging instrunu'nt, the Hatchet 
planimeter, and otlun’s. Tlie operation with the Amsler planimeter 
consists of tracing the outline of the diagram with a pointer of the 
instrument, when the mean pressure of the diagram may be read 
from the graduatums of a small roller, the movement of wdiich 
d(^)ends upon the path of the tracer as it j)asses over the outline of 
the diagram. 

When a diagram has loops, as shown in Pig. 122, the loops repr6)- 
sent negative work, and show that the engine is under-loaded. The 
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loops would disappear if the load were increased. The forward line 
bed wmuld then rise as in Fig. 123, while the back-pressure line fgd 
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remains as before. Or, by exhausting into a condenser, the back- 
pressure line may be lowered, wliile the forward - pressure line 
remains. In all cases of diagrams with loops, it is advisable to draw 
the zero line of pressure, and estimate by the usual method of 
ordinates, the mean pressure of the whole forward-pressure diagram, 
ahcde (Fig. 124), and afterwanls of the back-pressure diagram, 
ahfgdej shown cross-lined. The difference will be the resultant mean 
effective pressure. 

To find the power of an engine, diagrams must of course be taken 
from each end of the cylinder. When one iiidicator is connected 
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with the two ends of the cylinder by pipes ami a three-way cock, 
as shown in Fig. 125, the two diagrams may botli ])o taken on one 
card, as Fig. 126. This system (Fig. 125) is not to be recommended 
except for small engines. Tlie mean pr(\ssure of such diagrams is 
taken by measurement s(‘,parately, and tlieir sum is divided by 2 to 
obtain the mean pressure. 

To find the mean value of ihe area A of the piston, when th('- 
steam acts on a full face, a,, of the piston on one side, and when on 
the other side the amount of this area is reduced by tlie area a, of 
the piston-rod— 

Then mean area A ~ -f (a^ ~ rto)] -4- 2 

For compound or multicylinder engines, tlie power of each cylindtT 
separately is obtained, as already explained, and the sum of these 
is the total indicated horse-power. 

Mean Power at Variable Speeds. — Where the revolutions are 
variable during the period of trial, indicator diagrams should be 
taken more frequently, ^ and to ensure accuracy where the speed 
varies consi(len»bly, and especially when the mean pressures at the 
two ends of the cylinder vary also, it is more satisfactory to keep 
the diagrams from the two ends of the cylinder separate ; to obteiin 
a piston constant for such end separately ; to find tlie I.Il.P. for each 
diagram as it is taken ; to take the diagrams at equal intervals ; and, 
finally, to find the mean of all the diagrams from the respective ends 
of the cylinder. Then tlie sum of the means from each end of the 
cylinder is the total T.H.P. 

To draw a Hyperbolic Curve upon .an Indicator Diagram.— The 

point from which the curve is drawn may be at a just before the 
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exhaust port opt>ns, or at h just oftti* cat-oif. At a the weight of 
steam present in the cylinder as steam is usually a maximum, owing 
bo the effect of re-evaporation. It will noo represent the whole weight 
of steam passing through the cylinder, because ev-^n here there is 
probably a certain percentage of water not yet ro-evaporated, and a 
certain amount of leakage past the piston and v/nve to exhaust. The 
space between the diagram and the curve will show approximately 
the loss of area due to the previous condensation of the steam now 
r ©appearing in the later part of the diagram. 

Set off first the fdcaT'ance line at O, and draw the zero line of 
pressure Ov by scale of indicator spring. Then, to di‘aw the curve 
touching point a (Fig. 127), draw a horizontal and vertical line 
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through u, and make ac any convenient height. Join Oc, and from c 
draw a horizontal, ce. Where Oc cuts the horizontal line through a 
raise a perpendicular, de. Then e is a point in the hyperbolic curve. 
Any number of further points in the required curve may be obtained 
by drawing lines from O as shown, and by drawing horizontals and 
verticals from the intersections of the lines through O with ar. and 
ad respectively. Tlie curve is drawn through the points of inter- 
section. 

The construction of the curve through h (Fig. 12H) will be under- 
stood from the figure, the points in the dotted hyperbolic curve being 
obtained by drawing any oblique line, Or, to a point c on the hori- 
zontal through h. Then, where the oblique line Or cuts the vertical 
through ?>, namely, at d, draw a horizontal line, dr, to cut a vertical 
through c : then point r is a point on the hyperbolic curve. 



CHAPTER VI. 

QUALITY OF THE STEAM IN THE CYLINDER. 

In all ordinary types of steam-engines, the steam in the cylinder at 
the point of cut-off is less than that actually admitted to the cylinder 
per stroke, the remainder being present in the cylinder as water, or 
having passed away to exhaust by leakage at the slide-valve or 
piston. 

The amount of the loss from these two causes combined varies 
from 20 to 50 per cent, cff the total weight of steam supplied per 
stroke. The causes of the presence of water in the cylinder may be 
stated in detail as follows : — 

1. Wetness of the steam originally supplied by the boiler. 

2. Wetness due to condensation in long ranges of steara-pii)es and 
in the valve chests, especially when these parts are not well covered 
with non-conducting material. 

3. ‘^Initial condensation” of the steam on entering the working 
barrel of the cylinder. 

4. Condensation due to work done by the steam during expansion 
in the cylinder after cut-off. 

5. Condensation due to external radiation and conduction from the 
cylinder walls. 

1. Wetness of Steam supplied by the Boiler. — When steam c;arries 
over with it from the boiler to the engines water which has not been 
evaporated, but which passes away mixed with the steam, the 
phenomenon is known as priming. 

The conditions which determine, to a greater or less extent, the 
quality of the steam supplied from a boiler as to dryness are : (a ) the 
rate at which the steam is generated — whether by natural draught or 
accelerated draught ; the greater the rate the greater the tendency 
to wetness, (h) The area of the water surface at the water-level of 
the boiler per pound of steam generated per minute ; the smaller the 
surface area for a given weight of steam delivered, the greater the 
disturbance of the surface, and the more probability of the steam 
being wet— hence the steam is usually dryer from a Lancashire boiler 
than from a vertical-ty})e boiler, (c) The \’olumc of the steam space; 
within certain limits, the smaller the volume the greater the tendency 
to wetness ; hence one means of reducing the amount of priming in 
boilers is to work with the water-level low in the gauge-glass, (d) 
The size of the boiler compared with the weight of steam required 
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per stroke by the engine ; thus a large slow-running engine, if 
sup^ied with steam from a relatively small boiler, causes a fluctua- 
tion of pressure in the boiler at each stroke of the engine, which 
induces surface agitation of the water as the pressure Varies and 
tends to increase the wetnesr. of the steam. This eflect may be 
remedied by throttling down the steam-supply at the s^op- valve, so 
as to reduce the extent of the flu etna won of the pi'essure in the boiler. 

2. Wetness due to Condensation in Steam-pipes and Valve Chest. 
— The loss of heat from uncovered steam -pip.>s considerable, and 
varies directly as the diflerenC(‘ of temperature of the steam and the 
external air, and inversely as Ihe'thicknesr of the pipe. 

The loss from iron steam-pipes uncovered, per degree dilference 
of temperature between steam and external air, is approximately 
2*4 thermal units per hour per square foot of external surface of pipe. 
By covering the pipe with woollen felt i inch thick, this loss is re- 
duced to 0-7 thermal unit per hour p(u- square foot of external surface 
of metal pipe ; with 1-inch covering the loss is 0*4 thermal unit, and 
with a 2-inch (Jovering 0*24 thermal unit.^ 

All water present in the steam should, as far as possible, be 
separated from it, so that the steam may entei’ th(\ cylinder dry, and 
for this purj)Ose it is usual to fix a so^parator 
as near as possible to the engine. The action 
of one form of separator, of which there are 
various designs, will be understood by refer- 
(jiice to Fig. 129. The wet steam enters the 
chamber at the toj), and passes through a 
spiral passage downwai’ds towards the bottom 
of the separator. The whirling motion of the 
steam thus set up causes the particles of 
water present in the steam to strike the 
sides of the chamber, and to flow to the 
bottom of the vessel. The steam passes for- 
ward in a more or less dry condition, in an 
upwai'd direction through the exit pipe, the 
bottom of which is some distance from the 
bottom of the separator. Connected with 
the separator is a “ steam trfip ” into which 
the water is collected, and from which it is passed into the fe(id-taiik. 
A gauge-glass is fitted to show the height of water present in the 
bottom of the separator. 

3. Initial Condensation. — Next to the loss of heat at the exhaust, 
thajj due to initial condensation of steam in the cylinder is the most 
serious of the losses connected with the use of steam as a working 
fluid; and the endeavour to prevent the loss from this cause has 
accounted for most of the improvements in the steam-engine since 
the time when James Watt invented the separate condenser. Before 
this time the cylinder was used alternately as a steam-cylinder and 
a condenser. 

^ These numbers are deduced from a table by Mr. A. G. Brown in ‘‘The Indicator.” 
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When steam from the boiler is admitted to the cylinder with the 
piston at the beginning of the stroke, it comes in contact with the 
metallic surfaces of the cylinder cover, the face of the piston, 
the walls of the steam ports, and more or less ai'ea of the circum- 
ferential surface of the cylinder barrel. 

If all these surfaces were as hot as the steam which enters the 
cylinder, no transfer of heat would take place between the steam 
and the metal, and therefore there would be no initial condensation 
of the steam. 

But in practice the temperature of the walls is always lower than 
that of the entering steam, the walls being cooled during expansion 
and during exhaust, by having been in contact with the comparatively 
cool steam of reduced pressure at these periods. Consequently, 
during admission of steam at the beginning of the stroke, condensa- 
tion takes place, till the walls are heated up to a temperature 
approaching that of the initial steam. 'Hence the weight of steam 
admitted to the Cylinder per stroke, up to point of cut-off, is greater 
than. that present in the cylinder as steam, by the amount condensed 
during admission in the process of warming up the cylinder walls. 

Condensation, then, up to point of cut-off is due to the heat lost in 
warming up the metallic walls with which the steam comes in contact 
in the cylinder. 

In addition to tliis, as already explained in the chapter on tempera- 
ture-entropy diagrams, there is the condensation wliich takes place 
after cut-off due to the work done during expansion at the expense 
of the internal energy of the steam. 

Considering the amount of steam condensed in the cylinder, it 
would seem, at first sight, that the cylinder must gradually become 
choked with water. Such is more or less the case when the engine is 
started, and before the cylinders have been properly heated up, and to 
get rid of this 'water, relief -cocks are fitted at each end of the cylinder, 
which are always opened when the engine is started, so as to blow 
through and relieve the cylinder of the water deposited. 

As the temperature of the cylinder walls gradually increases, less 
water is deposited. If the rdief-cocks are now shut, more or less con- 
densation will still continue, but the water deposited is usually removed 
from the cylinder by re-evaporation. 

Re-evaporation. — During the stroke of the piston, as soon as cut-off 
takes place, the pressure of the steam gradually falls, and the water 
present, owing to the removal of the pressure upon it, begins to re- 
evaporate as soon as the pressure of the steam falls below that 
corresponding with the temperature of the water in the cyliivler. 
This point generally occurs soon after cut-off, and the re-evaporation 
continues as the expansion continues, the weight of steam present, 
as steam, gradually increasing towards the end of the stroke. When 
the exhaust port opens, the pressure is, more or less suddenly, still 
further reduced and the rate of re-evaporation accelerated, and during 
the exhaust stroke the water of initjuil condensation more or less 
completely disappears as dry steam. 
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The heat required for re-evaporatior is obtained partly from the 
heat in the water itself, but chiefly at the expense 01 the heat in the 
cylinder walls ; heiiee the greater the re-eraporaiion the more heat 
flows from the walls, and t^e more heat must be gi^en up to the walls 
on the succeeding stroke by the steam during adIlussi^)u. 

The heat given up by the steam to the walls is j)rn/*tically lost 
(except for the small amount of v/ork doiie by re evaporaU:i steam), 
because this heat, which is again returned by the walls, is given up 
during exhaust, and tims increases the already large exhaust waste. 

Mean Temperature of Cylinder Walls.— From tlie experiments of 
Messrs. Bryan Donkin, Callendar, ’md Kicolson, it has been shown 
that the cylinder walh may be divided into two pai ls, namely, the 
outer portion, where the teraperatui-e is constant ; ajul the inner or 
periodic ” portion, where the temperature fluctuates with the tempera- 
ture of the steam in contact with it. 

The depth of the periodic iportion is usually very small, and Ihe 
less so as the time of interaction is less between the Sucam and thc^ 
cylinder walls. 

In all cases economy results from raising the luean tempt'ratui'e 
the walls nearer to that of the initial steam in the cylindt'r. The 
mean temperature of the walls is raised as t^ie weiglit of st('aiii passing 
through the engine per minute is increased, and th(^ condensation is 
thus reduced per pound of steam supplied. 

Conversely all causes tending to reduce the mean ttmqx'ratui’e of 
the cylinder walls tend also to increased cylinder condensation, and 
therefor(' to increased consumption of sh'uin per I.H.P. p(M* hour. 


Weight of metal heated = 


l\ thernuil units absorbed (specific heat 
i of iron X d(‘grees rise of temperatun'.) 


Range of Temperature. — The range of temperature of tlie steam in 
tlie cylinder is the diftererice ■— 4), wlieix'. is the ternjKU’ature 
during admission, and the temperature of ('xhaust. The range of 
tem})(‘ratur(^ is thus independent of the poijit of cut-ofl'. 

But cylinder condensation depends, not dir(‘ctly on th(‘ raneje of 
temperature of the steam, but on the meaii tejnp(u-aturt‘ of the 
int(‘rnal portion of the cylinder walls, and tlie following ndations 
should be noted between range of temperature of the stciam and mean 
temperature of the walls : — 

( 1 ) For a given constant range of temperature of tin- st(^am in a 
cylinder, the mean temi)erature of the walls incjrc^ases as the point of 
cut-ofl* is later ; hence the mean temperature, and also the amount of 
cylinder condensation, may vary considerably with the same range 
of temperature. 

( 2 ) The mean temperature of the walls may nmiain constant for any 
number of diflerent ranges of temperature above and below the mean ; 
hence the amount of cylinder condensation may vary considerably with 
the same mean temperature, being greater as the diflerence between 
the initial temperature of the steam and the mean temperature of the 
Walls is greater, and vice versa. 


1 
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Wet Steam supplied to Cylinder. — Experiment has shown that 
steam admitted to the cylinder initially wet tends still further to 
increase initial condensation, at least up to a certain limit, and, 
conversely, the drier the steam the smaller the heat interaction 
between the steam and the cylinder walls. Hence the importance 
of draining steam-pipes and valve chest, as already pointed out. 

Water entering the cylinder with the steam tends to become 
partially evaporated in passing through the cylinder, because the 
sensible heat contained in the water on entering the cylinder is 
greater than will bo retained by it on leaving, hence a portion of the 
original water is evaporated by the heat liberated at the lower 
pressure. 

4. Condensation .due to Work done during Expansion.— In addition 
to initial condensation due to interchange of heat between the steam 
and the cylinder walls, there is, during expansion in the cylinder, an 
internal or molecular liquefaction du# to work performed at the 
expense of the internal energy of the steam ; therefore the greater 
the expansion the wetter the steam becomes. The extent of the 
condensation due to work done has been already explained under 
temperature-entropy diagrams (p. 44), and on unjacketed cylinders 
the causes tending to wetness of exhaust exceed those tending to 
dryness. 

Speaking gcuiorally, the amount of initial condensation depends — 

(1) Upon the difference between the initial tempei’ature of the 
steam entering the cylinder and the mean tempei‘ature of the cylinder 
walls, condcinsation })eing loss as the mean tem[)erature of the walls 
approaches tlio temperature of the initial steam. 

(2) Upon the point of cut-off in the cylinder ; the mean temperature 
of the cylinder walls is higher,^ and therefore the condensation is less, 
as the cut-off is later— that is, as the greater weight of steam is 
passed through the cylinder per stroke, other things being equal. 

(3) Upon the time of contact of the steam with the cylinder walls, 
c;ondensation being less as the rate of revolution (N) increases, other 
things being equal. 

(4) Upon the (ixient of cylinder surface exposed to the steam when 
the piston is at the beginning of the stroke, cemdensation being hiss 
as the area of metallic surface taking part in the heat intercliange 
is less. 

The measure of initial condensation in the cylinder has been 
expressed by Escher thus : 

CW = ,Aj|r 


where 0 = initial condensation in B.T.U. per pound of steam ; W = 
weight of feed-water in pounds per stroke; s = exposed surface of 
the "metal at beginning of stroke ; T, = initial temperature of steam ; 
T,„ = mean temperature of cylinder walls (absolute scale) ; p = the 
density of the entering steam ; N = revolutions per minute ; A is a 
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constant, which is given as 80 for u ijacl;eted cylinders, and 56 for 
jacketed cylinders. This constant will vary with varying types of 
engines. 

To find the Weight of Steam accounted foi bv the Indicator 
Diagram. — To find the weight of steam in a cylinder per stroke from 
the indicator diagram, it is necessary to know ilic volume occupied 
by the steam present in the cylinder 
at the point of the stroke chosen for 
measurement, and the pressure of 
steam at that point ; then, kno./ing 
from the Steam Tables the weight 
per cubic foot of steajn at the given 
pressure, the weight required can 
be at once determined. 

The points from which measure- 
ments are taken must be fthosen 
from that portion of the diagram 
where the slide-valve covers the 
ports, and where the steam is completely (uiclosed within the cylinder, 
and its volume definitely known. In other words, the points must 
be chosen on the expansion curve aft(n’ cut-oH and before rdeaso, 
or on the compression curve after exhaust closure, and before ojjcning 
of the port for readmission. 

Thus, r(‘f(;rring to Fig. 130 , OA = clearance volume, AV = jusion 
displacement, — wc'ight of I cub. ft. of steam at pressure h. All 
\ olumes are expi essed in cubic, feet. Then — 

( 1 ) Weight of dry steam at 5 . 

= I ^ piston displacement x ^ + clearance volume j w,, 



(2) Weight of dry steam at c 


= I ^ piston displacement x J + clearance volume | w, 

( 3 ) Weight of dry steam at d 

\ f Ad* \ ) 

= I f piston displacement x j + clearance volume tv, 


In the same way, the weight of steam may be determined for any 
other j)oint on the expansion curve. 

To find the Dry Steam Fraction at Cut-off.~ The indicator diagram 
accounts for all the steam present in the cylinder os steam^ but it 
gives no clue, as to the amount of water present in the cylinder at 
the same time, or as to the extent of the loss by h^akage, unless we 
have first some independent means of determining the weight of 
steam supplied to the engine, as by weighing the feed-water, for 
example, or by other methods to be afterwards described. Then, to 
find the dry steam fraction the facts re(juired are as follows : — 

( 1 ) Total weight of feed- water per hour number of strokes per 
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hour = actual weight of working fluid passing through cylinder per 
stroke, called “ cylinder-feed.” 

(2) Weight of steam per stroke (assumed dry) retained in the 
cylinder as clearance steam is determined from compression curve 
at hj the point h being chosen as near as possible to the actual 
exhaust closure (Fig. 130). 

(3) Total weight of steam in cylinder per stroke after cut-ofl* and 
during expansion = cylinder-feed -f- clearance steam. 

(4) Weight of dry steam at cut-ofl’ (determined from the indicator 
diagram by measurement, as already explained). 

(5) Dry steam fraction at cut-ofiT = (dry steam measured from 
indicator diagram) (cylinder-feed + clearance steam). 

In the same way the dry steam fraction may be dett^rmined by 
measurement for any other portion of the expansion curve up to 
point of release. These results may be shown graphically by the 
following method : — 

To apply the Saturation Curve to an Indicator Diagram. — This 
curve represents the curve of expansion which would be obtained if 
the whole of the steam and water passing through the migine per 
stroke were present in the cylinder as dry saturated steam. It also 
supposes no condensation during expansion. This is the ideal curve 
which is aimed at when the steam jacket is used. 

To draw the curves, set ofl*, as before ex])laiiuHl, the clearance line 
and the zei’o line of pressure, and draw a horizontal line through any 
point c (Fig. 131) on the expansion curve of the diagram at emt-ofl’ 

or beyond it ; then ad is the clearance 
volume, ah is the volume of the known 
weight of steam in the cylinder during 
(‘xpansion, supposing it all present as 
dry saturated steam at pressure c, and 
including the weight of steam enclosed 
during compression, and the weight of 
steam passing through tht^ cylinder per 
stroke. Also ac -f- ah is the dry steam 
fraction at c. The steam in the (dear- 
aiice space at beginning of compression 
is assumed to bo dry saturatcnl steam. 

The dry steam fraction curve below 
the indicator diagram (Fig. 131) is con- 
structed for all points of the expansion curve from (*ut-ofl’ to release 
by setting up from a horizontal line to any scale the ratio n'e' -f- 
ac ah. The fraction ch -f- ah represents the loss by coiplen- 
sation and by leakage. 

Application of the Indicator Diagram to the Temperature-Entropy 
Chart.^ — The temperature-entropy chart is illustrated on Plate I., and 
consists, as already explained, of that portion of the temperature- 
entropy diagram eiiclos(Mi between the “ water-line ” and the “ dry- 
steam line,” on th(^ left and right respectively, the horizontals 
‘ 8ee also Boulvin’s method, p. 304. 
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intersecting these lines being lines of te.npei'atnre. The portion of the 
t^hart used will depend, of course, upon the range of temperature 
between which the particular engine works. 

The object of placing the indicator diagram upon the (*,hart is to 
represent by an area the heat-units converted into 'w oi’k per pound of 
steam expanding in the cylinder, independently of all ccmsiderations 
as to size or power of the engine, and to show whr.t the extent of the 
lossf^s are as compared wdth a pertect engine working between the 
s me limits of temperature. 

The tempt‘rature-(‘ntropy diagram drawm upon the chaid diflers 
from the indie-atoi diagram in giving, not the work done per s^n)ke in 
foot-pounds, but the work dotm per pound of steam iii thermal nnbs. 

It is n6K*(‘ssary first to know the weight of steam passing through 
the engine per stroke, and the weight of steam enclos(^d in the 
clearance space. Then the saturation curve can be a})p]ied to th(' 
indi(*ator diagram, as explained on p . 116. 

If it is required only to compare the actual expansion line of the 
indicator diagi’am with the adiabatic; or saturated-steam lines of 
the temperature-entropy diagram, then the method is similar to that 
shown in Fig. 131, the value of ac ah being deteimined for a 
number of poiiits between cut-off and release. Them, kjiowing the; 
pressure and dry steam fraction for each point taken on the indicator 
diagram, corresponding points, a'c' -d- on the; same pressure lines 
may bo located at once upon th(‘ temperature-emtropy chart (hdg. 133). 
I\)r this purpose no constant-volume lines are re(jum‘d to be us(‘d ; but 
when it is required to transfer ]>oints other* thaai those on the; (;x])an- 
sio!i curve, it is necessary to find the diagrayn factor of the indicator 
diagram. 

If the steam ex})anding in the cylinder, including the steam 
emdosed at compression, weighs exactly 1 lb., the; diagram factor 
will be 1. If the actual weight expanding is either moi*e or less 
than 1 lb., it is majessary to find the factor by which the actual weight 
of steam must be multiplied, so that actml weight X diagram factor 
- 1 ; 

or diagram factor = - - — , . n . 

° actual weight 

The diagram factoi* is used in order to express the changes of the 
indicator diagram on the chart in terms of 1 lb. of steam. 

if, now, any j)oint d (Fig. 132) on the indicator-diagram be takem, 
and the volume of the steam in the cylinder corres])onding with that 
poiijt be determined, this volume multiplied by the diagi*am factor 
gives the position of the point d as to volume; on the chart (Fig. 
133), and, its pressure being knowui, its position is completely 
determined. 

Example. — In Fig, 132 take any point c ; then c' can be imme- 
diately found on Fig. 133 by finding the line of pressure on the chart 
corresponding with the pressure of c on the indicator-diagram, and 
making the ratio a'd a'h' = ac -4- ab. 
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To find any other point, as not on the expansion line, find the 
actual volume of the steam in the cylinder at d, and multiply this 
volume by the diagram factor. This gives 
the constant-volume line on which d' will 
be found, and, the pressure of d being 
known, the position of d! is completely 
determined. Any other points may bo 
similarly found. A free curve is drawn 
through the points thus found. 

In the example chosen, the mean-ad- 
mission ' line up to cut-ofl* has been sub- 
stituted for the actual line. The mean- 


Fig. 132. Fig. 138. 

admission lino and the! back-pressure line are both taken back to the 
water-line, and the compression (mrve is neglected. 

If tb(‘i*e were no losses whatever in stcarn-engiiie cylinders, the 
diagrams of work done per pound of steam would fill the whole area 
between the water-line on the left and the vertical adiabatic line on 
the right (Fig. 134), and between the upper 
hori/.ofital line representing the ]>ressure of 
steam at. the engine stop-valve, and the lower 
horizontal line representing the pressure in 
the exhaust pipe. The object is to fill up 
as much as possible of the availa])le area on 
the chart. 

It will be seen that (negle< ling the effects 
of compression) there are four conditions 
which determine the gain or loss in the 
thermal efficiency of the steam expanding in 
the cylinder. 

(1) The neaimess of the mean-adiiussion 
pressure line ab to that of the source from 
which the steam is supplied. 

(2) The proportion of dry steam present in the cylinder j in other 
words, the extent to which the dry-steam fraction line he of ^the 
actual engine diagram, shown shaded, approaches the dry-steam line 
of the chart, enlarging or otherwise the area of the shadi^d diagram 
between the water-line and the dry-steam line. 

(3) The number of expansions of the steam, or the extent to which 
the pressure at end of expansion approaches the back pressure. Thus 
(Fig. 134) the line cd represents fall of pressure during release, the 
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fall taking place af< nearly constant volume, and following very nearly 
a constant-volume line of the chart. 

When the terminal pressure of expansion is carried down to back 
pressure, the expansion line he extends to /*; but as the difference of 
pressure between that at the end of the expansion and the back pres- 
sure becomes greater, the further the release-corner line cd ivcedes from 
tlie point /, the blunter the coiner becomes, and th3 greater the loss 
of area due to incomplete expansion. W hen the steam is admitted to 
tb " end of the stroke, and the, migine is winked without expansion, 
the line cd recedes to the posirioji shown b}^ the dotted line hm^ where 
hm is also a line of constant volume. 

( 4 ) The nearness of the brack-pressure line to that reprepentbig 
the pressure in the exhaust pipe. 

Relative Effects of Cylinder Condensation and Number of Expan- 
sions of Steam in a Single Cylinder. — If the indicator dia^'ram from 


an engine with an early ‘cut-otf* be drawn 
entropy chart, the diagram will have some 
form similar to that shown by the shaded 
area. If, now, the indk^ator diagram for a 
later cut-off be transferred, it will hav^* 
some position extending further towards 
the right to the dry-stcaim lin(‘, as sliown 
by the unshaded portion ; and showing n 
]arg('r dry steam fi'aetion, and a gain of 
woik done per pound of steam by Mier('as(al 
dryness of th(‘, steam. Jlut with th(‘ (‘nrlier 
cut-off there was a gain of ar('a by incivased 
(expansion, and th(‘S(» two ar(‘as — one due to 
increased dryiu'ss, and the otlun* due to 
increased expansion — tend to mmtralize each ; 
other. For a limited number of expansions, 
iIk^ gain by increased ('xpansion is the larger 
gain, but beyond tliis the gain may becioinc 
negative owing to 
■ best number 


upon the temperature- 




Fi(i. ISf). 

loss by condensation, 
of expansions in any 


cylinder is that which gives tlio largest 


■0-^ DIAGRAM 


CUB. FT PER LB OF STEAM. 
Fig. 136. 



Fig. 137. 


work area per pound of steam passing through the engine. 

Usually, from three to five expansions in one cylinder give a 
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inaxiraum work area ; but the best number of expansions, considered 
from this point of view, varies with different types of engines, and 
can only be determined by experiment. 

To draw the Adiabatic Curve on the pv Diagram from the Temperature- 
entropy Chart. — From the point 0 (Fig. 136) draw rectangular axes 0P| 
and OV to any convenient scales. At Pj, Pg, P^, etc., draw horizontal 
linos Pi a, Pg6, etc., represf^nting to scale the volumes — taken from the 
Steam Tables — of 1 lb. of saturated steam at absolute pressures P^, Pg, 
etc., and join the points a, c, b by a free curve. Then ach represents 
the curve of volumes for 1 lb. of saturated steam without condensation. 
Divide^ the line P.^c at e, so that P^e 4- P-jC = T-^ei — TyCj on the tempera- 
ture-entropy chart (Fig. 137), and so on for any number of divisions. 
Then, by joining the points so found, we obtain the dotted line aed on 
the 2 ) 1 ) diagram (Fig. 136), which is the adiabatic curve re(][uired. 

Hirn’s Analysis. — This is a method of analyzing th(i action of the 
^ a m steam passing through the 

cylinder, and showing by 
areas the quantities of heat 
interchanged between the 
steam and cylinder walls. 
This method, first employed 
by Him, has been developed 
^ graphically by Prof. Dwel- 

1 shauvers I)ery, of Liege.^ 

r * The portions of the sti’oki^ 

are indicated by subscript 

Q Vc -*1 letters corresponding with 

' those on the di.igram (Fig. 

138) ; thus a tor admission, 
b for ('xpansion, c for exhaust, d for compression. Then — 

V,, = volume' in cubic feet described by piston during admissif)n. 

V,, = „ „ „ „ expansion. 

Y,. = „ „ exhaust. 

Y,, = ,, „ „ corapr(‘ssion. 

Y„ volume' in cubic feet of clearance space. 

V = whole volumt' disjdaced l)y piston. 

Worh done in Thermal Units — The work dom^ in thermal units by 
th(' steam during tln^ several portions of the stroke' is represented by 
T with its ai)propT*iat(' subscript, thus : 

T„ =: work done during admission = area cp^nike in thermal units. 

= „ ,, expansion = hmnsJc ,, „ ^ 

Tc = ,, o exhaust = ,, hgpsh ,, „ 

T^ = ,, compression = „ efghe „ „ 

T„, + Tft = absolute woi-k done by steam = area ep'mnse. 

(T„, -f Tfc) ~ (Tg +Trf) = net area of indicator diagram. 

Heat exchanged. — The quantities of heat in thermal units exchanged 
‘ Proc. Inst. 0.^., vol..xoviii. p. '254. 


Fici. 138. 
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between the steal a and the metal are u^pre.sented by areas R^, etc., 
the areas being drawn to the same scale as thi^ work diagram! 

R,j = heat exchanged between metal and steam during admission. 

1^6 = jj j) „ ,, expansion. 

^0 = ' ,, exhaust. 

= jj jj „ , compression. 

E = heat lost by external radiation. 

Q =r the quantity of heat supplied to cylinder per stroke by ad- 
mission steam, 

Q' = the quantity of heat supplied from the jacket 

Q -f Q' = total heat supplied. 

Wviglit of Steam. — Let the weight of wet sb'am admitted to the 
cylinder per stroke = M lbs., of which Ma;; is the weight (‘f dry steam, and 
M(1 — a?) is the weight of watiT present in the steam. Then, negk^eting 
the effects of leakage, the actual condition of the steam at any point m 
the expansion curve is knovm, since the actual weight of sieain passing 
through the cylinde^r per stroke is known by a test of tbo engine. 

Let also the weight of steam retained in the clearanc*e space each 
stroke == M^. The actual weight of this steam may be nn^asured, 
knowing the pressure g at beginning ot comj)ressi()n, and assuming 
the steam dry at this j)()int. 

Quantity of Heat. — The heat Q required to raise M lbs. of waU'r 
from 32° Eahr*. to its temperature of admission, and to evaporate the 
portion Ma;, is — 

Q = M(/i + aL) 

For sup(M*heated steam luuib'd from nor'inal temperatui’e t-,, of 
satui'attid steam to temperature t ^ — 

Q = M{7i + L + 0-48a - Q\ 

Internal Heat of Steam. — The internal heat of the steam in th(‘ clear- 
anc(‘ space at commencement of compression, assuming the steam dry — 

= -f p„) 

whert^ and p„ repres(‘nt weight, sensible h(^at, and internal 

heat respectively of steam at pressure and volume at point g on the 
diagram (Fig. 138). 

The internal heat at cut-off = (M -f -f- a^Vipm) 

where = dry steam fraction at point m on the diagram (Fig. 138). 

The internal heat at end of expansion = (M + 4- x„f).„) 

And similarly for the several parts of the cycle. 

Thermal Units interchanged between the Steam and the Metal enclosing 
the Steam in the Cylinder. — 1. To find th(^ heat R,, (exchanged during 
admission. The hi^at supplied is Q ; the heat in the cylinder at 
admission is My(//y -f Xjp^) ; the work done is T„ ; and the h(jat re- 
maining in the steam at cut-off is (M -f -f Then — 

Q + + K + (M -f ( I ) 

from which R„ may be obtained. 
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If the steam is superheated at cut-off, this equation will be modi- 
fied by corrected values for the heat supplied, and the heat contained 
in the steam at cut-off, as explained’ above, and in the chapter on 
superheating. The temperature of superheated steam . at cut-off 
may be determined by its increased volume over that of the same 
weight of saturated steam at the same pressure, it being assumed 
that superheated steam behaves as a gas, and that its increase of abso- 
lute temperature is proportional to its increase of volume. 

2. To find Rft, the heat exchanged during expansion. The heat 

in the steam at the end of expansion is (M + + ^nPn) > 

external work is T^; the heat present at btiginning of expansion is 

(M + ; then^ 

(M + = T. 4- Ki + (M + + x,j)„) (2) 

from which R,, may be obtained. 

3. To find R,., the heat rejected by the cylinder walls to the 
steam during exhaust. The heat in the steam at the end of ex- 
pansion is (M 4- 4- '^nPrt) ; the work done upon the steam 
during exhaust is T<, ; the heat in the steam at beginning of com- 
pression, assuming the steam of compression dry, is 

The heat rejected to condenser in exhaust sb^arn is measured by 
a test of the engine, and by actually weighing the steam condcmsed 
in a surface condenser in a given time, and then dividing the amount 
weighed by the number of strokes made by the engine in that tim(\ 
This gives the weight of steam (M) exhausted per stroke. Then J\t 
lbs. of steam become water at ternpcTature t. The heat in this 
condensed steam is now Tlie heat cari’ied away by the con- 

densing water ef|uals the weight of condensing water (W) per stroke 
multiplied by its increase of temperature in pjissing through the 
condenser = W(/i — U). Then — - 

( M 4" 4“ ^nPn)-\-^c = 4" M/(t^ 4" W( f j) 4“ 4“ '^'gPj) (^) 

from which R,. may be obtained. 

4. To find the heat, R^, exchanged between the walls ;<nd the steam 
during compression. 

The internal heat in the steam at beginning of compression is 
4“ '^gPg)’ Then work is done ujxrn it = during compression ; 
and the internal heat of the steam at end of compression is 4- 
Xfp ^) ; then — 

4- 4- Trf z= Mj(hy 4- ^/Pf) 4“ • • • (4) 

from which R,^ may be obtained. 

Graphic Representation of the Quantities of Heat exchanged. Scale^ of 
the Diagram. — The quantities of heat employed in the performance 
of work may be measured directly from the indi(;ator diagram. 

The volume described by the piston is represented by the length 
of the . indicator diagram. Prom this a scale of cubic feet of piston 
displacement may be made upon the diagram. 

The vertical scale of pressures on the indicator diagi’am represents 
pressures per square inch ; but it may l>e converted into a scale of 
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pressure in poumls per square foot b} multiplying the scale by 144, 
or by dividing the unit of the inch-pressure scale \y 144 to represent 
a pressure of 1 Jb. per square foot. Then an area having P, or the 
unit of pressure per square foot for height^ and V, or the unit of 
volume in cubic feet for length, == 1 foot-lb. of work. This area 
multiplied by 778 represents a thermal unit on die diagram, and is 
the unit chosen *for representing also the heat-exchanges. During 
admission, if is the pressure per scpiare foot, , and V,, the volume 
displaced by the piston up to point of cuvthF^ os (1%. 139), then 

1 V 

work done = P„V,^ foot-lbs. =r ~ thermal units = T„. Hence — 

p 778T, 

v7 

The area P„,V,„ measured from the zero hnes of jiressure and volume, 
represents to the scale of tlie diagram the lieat ex]iended in tht? 
cylinder in doing the work of admission - area otfs. 

Meat-exchange —Having obtained 11,^ by equation (1), a rect- 

angle is drawn on the same base V„ = os, and at hcuglit r,, = oc, so that- - 

778R,, 


Then the rectangle at a heiglit above os rc'presents, to the same 
scale as the indicator diagram of work, tlie lieat giviui by the steam 
to the (;y Under walls. 

Biinilaily for tlie otli(‘r parts of the stroke, the rectangles can be 
(lra,wn representing and 11,^ rc'sjiectividy : 

778R'' 778R, 778R„ 

- Y J Y ^ — V 

V /> ^ i' ^ <1 

These rectangles rtipresent the mean result of the lieat-ex changes 
dui'ing the several portions of the stroke. 

Distinction between Positive and Negative Quantities of Heat. — 
Tn the forward stroke during admission, the beat transferred from 
steam to metal is considered positive, 
and the rectangle R„ representing the 
heat quantity is drawn above the ; 

zero line on the base os (Fig. 139), = 

For the heat-exchange during the ex- ; 

pansion part of tlie stroke, the h(?at 
passes convers('ly from the metal to 

the steam ; the interchange is con- '' [ - ^ T- 


sid(^*ed negative, and the Rectangle 
R^ IS drawn below the zero line on the 
base st down to r,,. 

For the backward stroke, the op- 
posite positions are adopted for the 
positions of the rectangles, namely, 
above the zero line for negative ex- 
change — that is, from metal to steam 




Fi(i. 139. 


and below the zero line 
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for positive exclmnge — that is, from steam to metal. Hence the 
exhaust rectangle is drawn al ')ve the zero line on the base mt, 
and the compression rectangle is drawn below the zero lino on 
the base om. The positive and negative quantities are furtluT 
distinguished by the direction of the cross-hatching on the rectangles. 
The sum of the rectangles R„ + = the net heat-ex- 

change while the steam is enclosed in the cylinder ; and rectangle 
R/ = area oknt may be constructed on the base ot. The area R^. = 
rectangle the heat rejected to exhaust, if there were no loss l)y 
external radiation, E ; but since there is always some loss E in 
practice, then — 

R^,~R, + R, = R,4-E 

from which E may be obtained. In Eig. 139 the difference between 
the areas of the rectangles ohnt and the rectangle R^., expressed as 
thermal units, represents the loss E. 

If the cylinder is stc^am-jacketed, the water of condensation from 
the jacket is weighed separately, and the weight of water collected 
from the jacket per hour divided by the number of strokes of the 
engine per hour gives the weight (M^) of steam condensed in the 
jacket per stroke. Then the heat-units (Q') per stroke given uj) by 
the jacket — 

Q' = M, X L 

wher(^ L = the latent h(^at of steam at th(^ ])ressure in the jacket. 

If R^ = heat rejected to condenser during ('xha-ust, T = work done 
by st('.am, then — 

Q + Q' = T + R, 4- E 

or, in words, the total heat supplu'd, including the jacket heat, is 
equal to the In^at expendc'd on \^ork done, plus the heat rejec.t(Ml to 
condenser, plus the heat lost by external radiation. 



CHAPTER VIL 

CCMPi^^bm) ENGTJVRP. 

Various methods havt^ her n adopted to increase the effici(^nc- of tbr 
steam in the cylinder, including- - 

1. Compounding the cylinders. 

2. Steam-jacketing. 

3. Superheating. 

4. Tncreas('d rotational spc^eds. 

And these methods will now Ixi described in the above ord('r. 

Compound Engine.^. 

It will be; cJinir, after studying th(^ t(‘m]Hn*ature-('ntro})y charti, that 
th(^ proportion of useful work to be obtaiiunl per pound of steam will 
inci*(^ase as th(' initial j)ressur(^ increas(‘s, j)roViding advantage is takiui 
of th(i possibility of working th(‘ steam ('xj)ansively so as to rc'covei- a 
portion of its intcu'Jial en(Tgy, and providing also that initial con- 
densation and all other cond(‘nsation can be redu(;ed. 

Pn^ssures are gradually increasing ; lai*ge ranges of (‘xj)ansion are 
Ix'ing obtaintnl by means of the null ti-cy Under eiigine ; ii'duced 
loss(‘s by condensation are being secured by com})ounding, steuin- 
jac‘k(4ing, superheating, and increa,sed rotational speeds. 

Ihderring to the compound engine and the reasons for its adojition, 
th(*re ar(^ three important obj(M*.tions to wording steam at high j)res- 
sures and huge exjiansion in one cylinder, and th^^se obj(‘ctions bc'come 
more serious as the pressure and number of expansions incTease. 

1. The volume of the cylinder must be sufficient to provider for the 
required expansion of the steam, but it must also b(‘ sufficiently 
strong to carry the maximum pressures. Similarly, also, th(' worhing 
parts r(^quire to be sufficiently large and strojjg to tr-ansmit tlu^ 
maximum stresses ; and since the maximum pressure's and str(\sses 
are greatly in excess of the mean when the number of exj)ansions in 
one •cylinder is large, the engine becomes excessively heavy and costly 
compared with the power exerted. 

2. The loss by initial condensation increases rapidly as the number 

expansions in one cylind(‘r inci-eases. 

3. The turning effoi’t on the crank-pin becomes excessively variable. 

By the introduction of the compound engine, the range of stress oji 

the working parts, the loss by initial condensation, and the in‘(gu- 
iarity of the turning effort are much reduced, as compared with a 
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single-cylinder Engine working with the same initial pressure and 
number of expansions. Hence, for smoothness of working, with a 
wide range of pressures, and for economy of fuel, the compound 
engine was an important advance on the simple engine. 

The improvement in the distribution of the stresses, and of the 
turning effort effected by compounding the cylinders, is dealt with 
later. The reduction of the loss by initial condensation in com- 
pound engines as compared with single-cylinder engines working 
through the same range of pressures may be accounted for as follows : — 

1. Because the heat transferred from the steam to the metal 
depends upon the difference of temperature between the initial steam 
and the metal with which it is in contact ; but in a compound engine 
the only cylinder coming into contact with condenser pressures and 
temperatures is the low-pressure cylinder, and the further removed 
from the low-pressure cylinder, the higher the temperature of the 
walls of the preceding cylinders. This corresponds also with the 
temperature of the steam passing through the engine, the hot steam 
meeting the hot walls, and the cooler steam the cooler walls ; ^ hence 
the difference of temperature between the steam and the walls in 
contact with it being reduced, the condensation is reduced also. 

2. Because initial condensafion in the successive cylinders of a 
compound engine is not cumulative, but is apj)roximately that due to 
one cylinder only. The water due to initial condensation in each 
cylinder is usually re evaporated during the exhaust stroke in that 
cylinder, and leaves the cylinder as steam, to provide for the needs 
of the s^icceeding cylinder, and so on. 

Methods of Compounding. — The essential feature of compounding 
is to exhaust the steam from one cylinder into a second cylinder of 
larger volume, where the? steam may do further work by continuc'd 
expansion. This may be repeated through three or four or more 
successive cylinders. 

Engines may be compounded by exhausting from a high-pressure 
cylimler into a low-pressure cylinder of one or other of the following 
types - 

1. A cylinder of larger diameter but the same stroke, which is the 
usual arrangement. 

2. A cylinder of the same diameter but longer stroke. 

3. A cylinder having the same dimensions as the high-pressure 
cylinder, but with its piston making a larger number of rocii)rocations 
or strokes per minute, the engines working on independent cranks. 

4. Any combination of these methods. 

In all cases the work done in a cylinder, or between the pistons 
of a compound engine, or in any combination whatever of cylind(U‘s 
and pistons = ^i)» where is the mean pressure, and 

— Yj) the increase of volume while the steam is enclosed, and 
independently of the way in which the increase of volume is obtained. 

Double-expansion compound engines may be divided into two 

' The hv^h-pressure cylinder might be ailled with npial correctness the high* 
temperature cylinder, and the loyf-presmre cylinder the low4emperature cylinder. 
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luaiQ classes: (1) the Woolf type, in which the pistons of each 
cylinder commence the stroke simultaneously, as in tandem engines 
(Fig. HO), or those with cranks at 0° or 
180° apart; (2) the Kec. dver typo, in which 
tlio cranks are. set at an angle other than 
0° or 180° with each other a/id in which 
the steam exhausted from the hrst cylinder 
is passed iiiU) a chamber called ' the re- 
ceiver, between the two cylinders, where it 
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Fig. 140 . 


Fig. 141 . 


is r< ‘tallied till the sfxiond cylinder is ready to receive it. 

Tn practice it is usually found unnecessary to liave a separate special 
chamber for a n^ceivcn*, as the exhaust pipe of the high-jiressure cylinder 
and tlui valve chest of the low-pn'ssure alibrd sulticient capacity for the 
purpose. 

Number of Cylinders. — Having determined the terminal pressure 
desired at tlie end of the expansion, and the number of ex])ansions 
or point of eut-off in each cyliiid(‘r, tlien the number of cylinders will 
df^pend upon th(^ range of prcissure, and will increase as the initial 
pressure increases. Thus for condensing engines the terminal pres- 
sure may be 10 lbs. absolute, and for non-condensing engines 20 lbs. 
absolute, and the number of expansions in each cylinder, say, three. 
Then for the condensing engine (Fig. 142), if the ratio of the cylinder 
volumes is 1:3, and there were no losses, the pressure at cut-off in 
the low-pressure cylinder is approximately 30 lbs. If now the high- 
pressure cylinder at end of stroke contains the same volume of steam 
as the low-pressure cylinder at cut-off; then the pressure at end of 
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stroke in the high-pressure cylinder is 30 lbs., and again cutting off at 
I of the stroke, the initial pressure in the high-pressure cylinder is 90 
absolute. 

For uoiler pressures of 150 to b^O lbs. and condensing engines, the 
steam is expanded in three cylinders successively, which arrangement 
is known as the triple-expansion engine. 

At boiler pressures of 200 lbs. and upwards quadruple-expansion 
engines Are used. 

Equal Distribution of the Work and Initial Stresses between the 
Cylinders. — In the example just chosen of a two-cylinder, or double- 
expansion compound, with the volume of tlie high-pressure cylinder- 
equal to the volume of the low-pi-essure cylinder up to cut-off, the 
curve of expansion is continuous, as shown in Fig. 142, and there is 
no loss by compounding with such an arrangement, as the work done 




is the saiiKi theoretically as would b(^ done in a single cylinder of the 
same dimensions as tln^ low-pressure cylinder. 

But from Fig. 143 it will be seen that it is possible to secure this 
with any number of differrmt ratios between the cylinders; thus, if 
OV.< = volume of low-pressure cylinder, then if ah b(^ drawn as 
shown, Oa may be taken as tlie back pn^ssui’e on the high-pressure 
cylinder and the forward prc'ssure on the low-pi'(\ssure cylind(T ; 
(iVj = voliinu^ of tlie high-pressure eylindei* ; peba is the woi-k 
diagram for tlu^ high-pr(‘ssure cylinder, and ahfvf) is the work 
diagram of the low-pressure cylinder; h is the? point of cut-off in 

the low-pressure cylindcT ; and is the ratio between the cylinder 

OVi 

volumes. « 


Again, if cd had been drawn instead of o?>, then Or is the pressure 
between tht‘ cylinders ; pcdc and cdfY/) are tl^e respective work 
diagrams ; d is the point of cut-off in the low-pressure cylinder ; and 


ov. 


is the ratio between the cylinders. 


Hence the ratios between the cylinders may be widely diffeient. 
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In fixing the ratio for any given case, the ratio is so chosen 
that the effective work areas o^ the respective cylinders an4 the 
initial stresses on the respective pistons are as nearly as possible 
equal. 

Taking the case illustrated in Fig. 144, where pj sr 100, with 
8 expansions ; ratio of cylinder volup'es 1:2; b'lck pressure 4 lbs. 
absolute. Comparing the work done in the two cylinders and the 
initial stresses on the pistons, we have — 

Mean effective pressure in the high-pre^-Luie cylinder — 

1 -I- r 




1 -f 1*386 

- 100 - 25 

- 34*65 


Mean effective pressure iii the low-pressure cylinder^ 

l.. = 2.'+“'“='-4 
= 17*16 


Multiplying and and and we have — 

(34*65 X 1 = 34*65) and (17-16 x 2 =r 34'32) 
that is, the work done in the two cylinders is practically equal. 

Comparing now the initial stresses on the respective pistons, we 
have — since these stresses are in the ratio of the net initial pressures 
multiplied by the relative areas of the pistons — 

(100 - 25)1 : (25 - 4)2 : : 75 : 42, or as 1*8 to 1 
In other word.i, the initial stress on the high-pressure piston is 
much in excess of that on the low — that is, the area of the high- 

pressure piston is too large. Hence, 
whe?i the cylinders are designed to give 


0 V, 

Fig. 144. Fig. 145. 

an equal distribution of the work wi^th a continuous expansion 
line, the high-pressure cylinder is too large to maintain equality 
of initial stresses on the pistons ; and at the loss of some efficiency, 
it is necessary in practice to reduce the dimensions of the high- 
pressure cylinder. 

This may be done by retaining the cut off at point h (Fig. 145) in 
the low-pressure cylinder, and reducing the high-pressure cylinder 

K 
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volume from ah to ac^ This arrangement will cause a fall or drop’' 
|if pressure at the end of the stroke in the high-pressure cylinder from 
'M to the receiver pressure c, and a consequent loss by “ drop ” of the 
triangular area dch. Here the initial stress on the low-pressure piston 
is unchanged, while the stress on the high-pressure piston is reduced 
in the proportion of ac -r db. By a certain amount of compromise, 
it will be possible in this way to approximately equalize both the 
work done and the initial stresses in the cylinders. 

The same principles apply to the design of any number of succes- 
sive cylinders. 

Features of the Compound Engine. — 1. Effect of varying the Cut-off 
in the High-pressure cylinder on the Distribution of Power. Suppose the 
cylinder ratios to be 1 : 2 ; the cut-off in the low-pressure cylinder to 
be constant at 0-5, and to enclose a volume at cut-off equal to the 
whole volume of the high-pressure cylinder. Then the effect on the 


distribution of power between the cylinders may be shown by the use 
of the diagram (Fig. 146), which assumes hyperbolic expansion. In 

practice this diagram is subject to 
P v'''^W ~\q i many, and in some respects con- 

\ \ ‘ siderable, modification, but for obtain- 

'\ \ ing a general idea of the various 

\ \ , effects occurring in com])Ound engines, 

\ = whether for double, triple, or quad- 

X — ruple expansion, it is very helpful. 

X. With a cut-off at 0*25 of the stroke 

: / high-})ressure cylinder, and at 

"Ik an initial pressure p^, the steam ex- 
^ " j-' pands in this cylinder along ah to a 

L Wminal pressure p;, = X 0-25, neg- 

=► lecting clearance. This is also the 

^ Fig 146 ^ pressure in the receiver. Then the 

work diagram of the high-pressure 
cylinder is given by the area Piuhp,, and of the low-p^ ossure i^y Under 
by the area pjbefo. 


With a cut-off at 0*5 of the stroke in the high-pressure cylinder, 
approximately twice the weight of steam is supplied per stroke ; the 
steam is exhausted from the high-pressure cylindf^r into the receiver 
at some higher back pressure p.^, acting as back pressure on the small 
piston and as forward pressure on the large piston, and the work 
diagrams are given by the areas pi^/wp^ and p.Mhfo for the small and 
large cylinders respectively. 

There is here, with a late cut-off, a large increase of work done 
in the low-pressure cylinder, while the work done in the high- 
pressure cylinder is nearly the same with a late as with an early 
cut-off. 


The same point is illustrated by Figs. 147 and 148. These show 
that — ^when the power is regulated by the cut-off — as the cut-off‘ in 
the high-pressure cylinder is made later, the total power of the 
engine is increased, aud the larger share of the increased power is 



COMPOUND ENGINES, 


131 

taken in the low-pressure cylinder ; , -^ith an early cut-off and at low 
powers^ the larger share of the work is done in the high-pressure 
cylinder, and as this power is reduced to 
a minimum, the power in the low-pressure . 
cylinder may be reduced to zero (Fig. 147). 

Tn non-condensing compounds, at light 
loads, if by extended expansion, the mean 
absolute forward pressure of the steam in 
*he low-pressure cylinder falls below that i 
necessary to overcome the lesutances duo 
to back pressure, and the friction of the • 
moving parts of the " low-pressure engine, 
then the low-pressure cylinder is worse 
than useless, and it may, in fact, become 
the cause of a serious loss of efficiency. 

Hence non-condensing compound en- 
gines are most suitable where the load is 
fairly constant, and they should not be 
worked with a terminal pressure on the 
low-pressure cylinder below about 20 lbs. 
absolute. If expanded below atmospheric pressure, the low-pressure 
diagram will show a negative- work loop (see Fig. 150). 

2. Effect of throttling the Steam-supply on the Distribution of the Power 
between the OyZmders. ^ Considering ratios of cylinders 1 : 2 as before, 
without drop and the cut-off in both cylinders constant at half-stroke. 
Then (Fig. 146) if the initial steam pressure bepj, the terminal pres- 
sure in the high-pressure cylinder will be p^-^2 \ this also will be 
the pressure in the receiver, and the terminal pressure in the low- 
pressure cylinder will be 4. The work areas in the high and 
low-pressure cylinders are pgjnp. 2 . and p.phfo respectively. 

If, now, the steam-supply be throttled down to p,^ lbs. = then 
the effect on the distribution of power between the cylinders is seen ; 
thus, area p^fbp,^ for the high-pressure, and pjbefo for the low-pressure 
cylinder. At high powers the distribution is the same as in Case (1) 
with a late cut-off (0*5), but at low powers and with the steam-supply 
throttled, the work done in the high-pressure cylinder is now much 
reduced, while the work done in the low-pressure cylinder remains 
the same as in Case (1) with cut-off at 0*25. This shows a less 
satisfactory distribution of the power between the cylinders than 
if the power had })een reduced by an earlier cut-off instead of by 
throttling. It also shows that, theoretically, throttling to a pressure 
Pi ^s less economical than altering the cut-off from 0*5 to 0*25 with 
constant initial pressure, for in both oases the same weight of steam 
is exhausted per stroke, namely, the low-pressure cylinder volume 
at pressure /c, though, with throttling, the useful work area is reduced 
by the area p^aap.^. The theoretical gain would not, however, be fully 
realized in practice, owing to greater loss by cylinder condensation 
with an early cut-off. 

A similar result is seen by diagrams Figs. 149 and 150, which 
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show the effect of throltling. Fig.^ 149 is for a condensing engine, 
and Fig. 150 for a non -condensing engine. The dotted shaded areas 
show the work areas when the initial pressure has been reduced by 
throttling the steam-supply to the high-pressure cylinder. The full- 
line figures show the effect on the distribution of the power before the 
initial pressure was reduced by throttling. , 


CUT-orriNBOTH CYlINDERO -s 




Fig. 152 shows the effect on the distribution of the power between 
the cylinders, of throttling the initial steam between the ranges of 
100 and 40 lbs. pressure. Vertical measurements above and below 
the pressure line give the work done in the high and low-pressure 
cylinders respectively. The effect of adding a condenser is also 
shown. 

3. Effect of a V ariaUe Cut-off in the Low-premire Cylinder on the Die- 
trihution of the Power between the 


Cylinders. — U nequal distribution 
of the power can be remedied to 
some extent by regulating the point 
of cut-off in the low-pressure cylin- 
der. Thus, suppose the cylinder 
ratios = 1:4, and cut-off in each 
cylinder at half-stroke, and let 
pficdp.^ (Fig. 153) be the work area 
for the high-pressure, and p-jefga 
the work ai’ea for the low-pressure 
cylinder. If now the cut-off in 
the low-pressure cylinder be 
changed from 0*5 to 0*25 of the 
stroke, then the work areas will 
be changed, the high-pressure dia- 
gram being reduced to the area 
Pjbcpa, and the low-pressure dia- 
gram being increased to the area 


H P C UT- OFF constant -3 l l l 

'cut-off in L.P 251 3SI il 


Fig. 154. 

>.^fga. Conversely, if the cut-off 
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in the low-pressure is made later, the receiver- pressure line will fall, 
the high-pressure area will be thereby increased and the low-pressure 
decreased. Hence, to throw a larger share of the total work into the 
S)w-pressure cylinder, make the cut-ofF in that cylinder earlier, and 
mce ver$d. This is also illustrated in Figs. 151 and 154. An adjust- 
able cut-off for the low-pressure cylinders of marine engines is shown 
in Fig. 81. 

Fig. 155 shows indicator diagrams of one set of engines of H.M.S. 
Powerful^ a twin-screw cruiser.^ The full-lined diagrams represent 
the power-distribution between the cylinders when the engines exerted 
13,000 and the dotted-lined diagrams the })ower-distribution 

at 2500 T.H.P. 



Fig. 15/5. 
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one high-pressure cylinder, one intermediate cylinder, and two low- 
pressure cylinders, namely, the “forward” and the “after” low- 
pressure cylinder respectively. By using two low-press ere cylinders 
instead of one, the necessary volume is obtained without an excessively 
large cylinder diameter. 

4. Eeceiver Volume . — If the volume of the receiver or chamber 
between the cylinders of compound engines (including the exhaust 
chamber and exhaust pii)e of the first cylinder, and the valve chest 
of the second cylinder) were indefinitely large, then the back-presshre 
line of the small cylinder and the forward-pressure line of the large 
cylinder would each be a horizontal straight line, as shown in the 
approximate diagrams (Figs. 142, 144). 

In practice the receiver volume is from one and a half to several 

* Reduced from dia^arrams given in a paper by Sir A. J. DnrstoTi before the 
Institution of Naval Architects, April, 1897. * 
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times the volume of the high-pressur^^' cylinder ; and the effect of 
the restricted volume of the receiver is to make the back-pressure 
line of the high and the admission line of the low-pressure diagram 
somewhat irregular. 

The theoretical forn. of these portions of the diagrams is seen in 
Fig. 160, which represents the pressures in the receiver, assuming pt? 
constant. 

The receiver volume is usually made as small as possible to avoid 
loss of heat by radiation, but the necessities the design determine 
the volume. Other things being equal, the effect on the power-dis- 
tribution, of a small receiver, is to increase somewhat the back pressure 
against the high-pressuce piston, and increase the initial pressure on 
the low. Increasing the volume of the receiver, therefore, increases 
to a small extent the area of the high-pressure diagram, and decreases 
the area of the low. 

5. An increase of pressure sometimes occurs in the low-pressure 
cylinder towards the point of cut-off, shown in practice as a more or 
less sudden increase of pressure during admission on the low-pressure 
diagram, especially when the engine is running slowly. This is due 
to the high-pressure cylinder exhaust passing into the receiver before 
cut-off has taken place in the low. 

Practical Modifications. — In discussing first principles of the com- 
pound engine simple approximate diagrams were used merely to 
illustrate the principles, but in practice numerous corrections of 
these assumed conditions have to be made, as will be seen by com- 
paring diagrams Fig. 155 with the figures previously considered. 
The losses in practice may be summarized as follows : — 

1. The loss of pressure between the pressure in the boiler and the 
initial pressure on the piston ; the amount of the loss varies with 
th(^ speed of tlie engine, its distance from the boiler, the design of 
the steam-passages and valve gear. 

2. The loss due to wiredrawing during admission of the steam 
to the h.p. cylinder. This causes the mean admission pressure 
between the beginning of the stroke and the point of cut-off to be 
less than the initial pressure. 

3. The loss due to “ drop ” of pressure between the end of expansion 
ill the high-pressure cylinder and the initial pressure in the low. 

4. The loss of pressure between the back pressure of one cylinder 
and the forward pressure of the succeeding cylinder. 

5. The loss due to early opening of exhaust. This is generally 
very small. 

6. » The loss due to back pressure on the low-pressure cylinder. 
This may be considerable ; thus, if the h.p. and l.p. piston ratios are 
i : 7, then 1 lb. additional back pressure due to defective vacuum in 
the condenser will be equivalent to a loss of 7 lbs. mean pressure on 
the h.p. piston. 

7. In unjacketed cylinders, the gradual reduction of the weight of 
steam present as steam as the expansion proceeds by transmutation 
of heat into work. 
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For double-ex iwMision engines, with a given fixed tenninal pressure, 
usually 10 lbs., the nulnber of expansions falls in practice to about 
S§ per cent., and in triple-expansion engines to 70 per cent., of that 
given by initial pressure -f- terminal pressure. 

The diagram factor is the ratio of the actual mean effective pressure 
of an engine, referred to the low-pressure cylinder, to the theoretical 
mean effective pressure obtained with the same number of expansions, 
and supposing the only losses to be the back pressure of 3 lbs. for 
condensing engines and 16 lbs. for non-condensing engines. The 
theoretical expansion curve may be assumed either adiabatic or 
hyperbolic ; for simplicity it is usually assumed hyperbolic, and the 
diagram factor is found accordingly. Thus — 


Diagiam factor =-■ actu^mean pressure 

theoretical mean pressures 


~ K 


Actual mean pressure = = 


I.H.P. X 33,000 
LAN 


referred to low-pressure cylinder, where A = area of low-pressure 
cylinder, and LN = piston speed in feet per minute. 


Theoretical mean pressure = 


1 4- loge R 
R 




where R = (volume of piston displacement of l.p. cylinder plus 
clearance) -f- (volume of steam at cut-off in h.p. cylinder). 


Diagram Factors for Compoxtnd Engines 


Hij?h speed, short stroke, unjacketed 
Slower rotational speeds „ 

„ „ jacketed 

Corliss valve gear jacketed ... 
Triple-expansion marine engines (Seaton) 


... 60 to 80 per cent. 

... 70 „ 85 
... 85 „ 90 
... 90 

... 60 66 


Mean Effective Pressure referred to Low-pressure Piston. — In 
multiple expansion engines it is convenient for many purposes to express 
the sum of the mean elective pressures on the various pistons in terms 
of an equivalent mean pressure reduced to a common scale of piston 
area, and for this purpose the low-pressure piston area is chosen as the 
standard. The sum of the equivalent pressures is then spoken of as 
the total mean effective pressure “referred to the low-pressure piston.'’ 

Thus, in the case of a triple-expansion engine having piston areas in 
the proportion 1 : 2*7 : 7, and mean effective pressures in the proportions 
91, 33*8, and 13 respectively ; reducing these to the common scale of 
the low-pressure piston area, we have : — 


M.K.P. In lilgh-pregsure 
cylinder referred to 
low-pressure cylinder. 

, M.E.P. in intor- 
icylinder referred to 
low-pressure cylinder. 

M.E P. in low-pressure 
cylinder. 

Total M.E P. referred 
to low-pressure cylinder 


2’7 

! 


91 X 4 

dd-8 X 

13 



13^ 

13 

39 
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To find the Sizes of the Cylinders for a Compound Engine of given 
Power. — It is usual first to determine the diameter of the low-pressure 
piston by considering that its capacity will be the same as would be the 
case if the total work of the engine is to be done in that cylinder alone. 
For whatever the number of cylinders which precede the low-pressure 
cylinder, this cylinder must itself be large enough to contain each 
stroke the volume and weight of steam necessary to develop the 
specified power with a given terminal pressure. In other words, the 
total steam used by a compound engine ia th^'. steam exhausted from 
the low-pressure cylinder. 

The final volume and weight of steam used are the same, whether 
the expansions all occurred in the low-pressure cylinder by having an 
early cut-ofF in that cylinder, or whether they occurred in a series of 
preceding cylinders exhausting finally to the low-pressure cylinder and 
expanding there to the same terminal pressure. 

The area (A) of the low-pressure piston for a given total power of 
the combined cylinders, and with a given stroke, is determined from 
the formula — 


(P X A) X (L X N) 
33000 


= total I.H.P. 


where P = mean elective pressure referred to low-pressure piston 
= 40 to 45 lbs. per sq. in. at maximum load ; or 
“ 30 to 35 lbs. per sq. in. at most economical steam con- 
sumption. 

The higher values of P are taken at the higher boiler-pressures. 

Example. — Find the diameter of the low-pressure cylinder of a 
compound vertical engine for a maximum load of 400 I.H.P. ; stroke 
18 ins.; revolutions per minute, 155 ; mean eflective pressure referred 
to low-pressure piston =40 lbs. per sq. in. 

^ _ I.H.P. X 33000 400 x 3.3000 

~ P x L X N 40 X 1*5 X 155 X 2 
= 709*6 sq. ins. 

= 30 ins. diameter. 


To find the Diameter of the Hiyh-pressure Cylinder . — Having deter- 
mined the dimensions of the low-pressure cylinder, the diameter 
of the high-pressure cylinder will depend upon a number of con- 
ditions, but the chief object usually is to provide that the power of 
the engine shall be divided equally between the cylinders, and that 
the* maximum stresses on the piston shall be as nearly as possible 
equal. So far as the power of the engine is concerned, provided the 
low-pressure cylinder is correctly designed, the total powder will be 
on the whole independent of the ratio of the cylinders, though the 
smooth and economical working of the engine may be much influ- 
enced by it. The following tables give the proportions usually 
adopted. Then, allowing a ratio of 3^ to 1 from the table, area 
of high-pressure piston = 706*5 -r- 3*5 = 201*86 sq. ins. = 16 ins. 
diameter. 
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Double-expansion Coy^i%oND Engines. 

Condenei'^g. 

Boiler pressure lbs. 1 SO 90 [ 10L 120 

Ratio of L.P. to H.P. volumes .S i ^ 


Non-con denni ng. 


Boiler pressure Ibr. 90-100 I 120 

Ratio of L.P. to H.P. volumes 2| 


Locomotive Compounds (Von Borkies). 

Latio of Ij.P. to 
II. P. voIr. 


Ljir^e locomotives witli tenders 2 to 2’05 

Tank locomotives 2*10 to 2*2 


Triple-expansion Engines (Horizontal). 


Poiler-preRf'Uro. 

11. P. vol. 

I.P. vol. 

L.P. vol. 

140 


2i 


lOO 



7 

180 


‘4 



Marine engineers adopt the ratio for cylinder diameters of triple- 
expansion engines of about 3, 5, and 8 respectively. Then the areas 
of the successive pistons are to one 

another as 3*-^ : : 8**^ = 1 : 2*78 : ratio of cylinders (diam) 

7*11. The diagram (Fig. Ib7) illus- 
trates the way in which the ratios 
l)etween the cylinder diameters in- ^ 
crease as the initial pressures in- § 
crease, for triple-expansion condens- ^ 
ing engines, the respective cylinder ^^oo 
diameters being measured hori- oc 
zontally, from zero for each cylinder ^ 
on the horizontal line drawn through 
the required boiler pressure. 

Effects of Various Portions of 
Work Area on Condensation in 
Multiple -Expansion Engines.— Con- * 
sider the case of a triple-expansion Fig. 157. 
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engin© having high'^ressure, intermediate*, and low-pressure cylinders. 
Then, referring to Fi^. 1 58 — 

' 1. Work done upon high-pressure piston up to cut-off = aj + ^2 
if Tliis woik is done by the external latent heat of the steam 

provided at the boiler, and is not 



Fir.. 158. 


tion due to work donti. 


followed by condensation due to the 
work done. 

2. Work done in high-pressure 

cylinder after cut-off = + h, -f h,. 

Heat-units converted into work = 
(area h, + -f- 778. This loss 

of heat, due to work done, is fol- 
lowed by equivalent condensation, 
and the steam is made permanently 
wet to this extent throughout. 

3. Work done against high-pres- 
sure piston = (a^ + 1)2 + + h^) = 

work done upon intermediate-pres- 
sure piston up to cut-off. Net work 
done by steam = 0. No condensa- 


4. Work done by steam during expansion in I.P. cylinder = c, + ^ 2 . 
Heat-units converted into work = (area + c.j) -i- 778. This is fol- 
lowed by an eciuivalent condensation of steam, increasing permanent 
wetness. 


5. Work done against I.P. piston = work done upon L.P. piston 
= (a^ -f -f (‘ 2 ). Net work done by steam = 0. No condensation. 

G. Work done by steam during expansion in L.P. cylinder = c,. 
Heat-units converted into work 1 = (area C 3 )-~ 778, with equiv'alent 
condensation, producing permanent wetness. 

. Diagram of Relative Piston Displacement in Compound Engines. 

— Having given the ratios of cylinders and clearance and receiver 
volumes foi* a given compound engine, it is possible to follow the 
steam through the engine, and to construct diagrams representing the 
nature of the changes of volume and pressure bet^feen the points of 
entering and leaving the cylinder. 

In Fig. 159, horizontal lines are lines of volume, and vertical lines 
are subdivided into portions of a revolution. Thus, starting at a on 
the top dine, let aO = volume of high-pressure clearance (c,,) ; 05 
= volume of high-pressure piston displacement (?;,,) ; ah = volume of 
receiver (R) ; Uy' = volume of low-pressure clearance (c/) ; and 5'0' = 
volume of low-pressure piston displacement. • 

On the lines 05 and OT)' draw semicircles representing a half- 
revolution of the crank pin, and divide it into any number of equal 
parts — say five, as showm. On the vertical line to the left of the 
figure set off ten equal spaces representing parts of a revolution. 
The diagram is completed for one and a half revolution. The cranks 
being supposed at right angles, when the h.p. piston is at beginning 
of stroke O the l.p. piston is at half-stroke K» A curve is now drawn 
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for each cylinder, called the “cui ve oft piston displacement,” through 
the points of intersection of the horizontals from the divisions on 
the line of revolution, and of the verticals from the corresponding 



Fig. 159 . 


numbers on the crank-pin circles. This curve gives, by horizontal 
measurements to it, as shown by the shade lines, the volume of 
steam in the h.p, cylinder, including clearance for any position of 
the piston, before exhaust. After exhaust, it gives the volume of 
the steam on the exhaust side of the piston, and including the 
receiver volume ; and finally, when both cylinders are in communica- 
tion, the horizontal distance between the lines gives the volume of 
the steam for any r(‘lative position of the pistons, the displacement 
carves having been drawn so that the cranks have the required 
relative position with one another. In the case chosen, when the 
high-pressure piston is at the end of the stroke, as at 0, the low- 
])ressure piston is at half-stroke, as at K. 

We may now follow the varying volume of the steam in its passage 
through the compound engine. First, the high-pressure clearance aO 
is filled with steam at initial pressure, and the steam is continued to 
point of cut-ofi* at half -stroke in high-pressure cylinder, and volume 
in cylinder = dc. The steam is then expanded till nearly the end of 
the stroke, when the exhaust port opens, and at / the steam passes 
into the receiver. The exhaust side of the high-pressure piston and 
the receiver are in communication, as shown by the ruled lines, until 
the low-pressure steam port opens at h. Here the volume of the 
steam = gh. At m, the high-pressure exhaust port is closed, and 
compression begins. At half-stroke of the low-pressure piston, 
namely at r, cut-off takes place, and the steam finally expands to 
volume 8t. 




!42 


STEAM-ENGINE THEORY AND PRACTICE. 


The application of the diagram (Fig. 159) to the consideration of 
the indicator diagrams of compound engines is shown in Fig. 160. 
I This figure shows, as before, the piston-displacement curves for 



N0lim0A3il 3 NO 

cranks at right angles, the theoretical indicator diagram of the high- 
pressure cylinder being drawn below the high-pressure piston curve, 
and the low-pressure indicator diagram below the low-pressui*e curve! 
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The initial pressure, being known, is set up from the zero line of 
pressure. In the diagram, cut-off tales place at 0*4 of the stroke in 
the high-pressure cylinder, and the initial being known, all other 
points in the cycle may be determined, assuming hyperbolic expansion, 
as follows : — 

In the equations, the subscript figures refer to <'orresponding 
figures on the portions of the figure represeniing tie theoretical 
indicator diagram. Thus v. = volume of steam at point 3, measured 
from beginning of stroke — that is, from veitical line AO and to the 
Mt in the high-pressure diagram, and from vertical line through 
B and to the right in the low-pressure diagram. When the exhaust 
side of the high-pressure cylinder is in communicfition with the low- 
pressure cylinder, then the volume, including that of the receiver, 
is given by the horizontal intercept between the lines of piston 
displacement. 

Since, for the purpose of this diagram, it may be assumed that jpv = 
a constant — 

M”! + Ca) = + C/) (1) 

from which the terminal pressure is obtained. And the point of cut* 
off in the low-pressure cylinder being known, then — 

+ c,) = P, 0(^,0 + c,) (2) 

From which or the pressure at cut-off in the low-pressure cylinder, 
and therefore also the pressure in the receiver at that time, is known. 

Then the pressures at all other points may be obtained by the 
following equations : — 

Referring to the theoretical indicator diagrams in the lower part of 
Fig. 160, then for the high-presASure cylinder — 

PiOh + Ca) = + Ca) (3) 

At point 2 the steam exhausts and mixes with that in the receiver, 
which is at some pressure previously calculated. 

+ ‘^a) + JP»R = + C„ + R). . . . (4) 

But during the return of the high-pressure piston, so long as the low- 
pressure cylinder is not open to receive steam, the volume enclosed 
is for the moment reduced, hence the pressure rises to p^ until the 
low-pressure valve opens the port to steam, when the pressure instantly 
falls to ps. 

Pai-Dj + P/, 4- E) = + C„ + E) . . . . (5) 

When the low-pressure valve opens to steam, the receiver steam 
mixes with that in the clearance space of the low-pressure cylinder] 
thuft — 

+ Pi) -f pioCt = + C,, + R -h c,) . . (6) 

This action continues, and meanwhile the low-pressure piston is 
moving forward and increases the displacement, causing the pressure 
to fall to pfi, when the high-pressure exhaust-valve closes, and com- 
pression begins in the high-pressure cylinder ; then — 

+ R + C,) = pe(ve + 4- R 4- C/ + • (7) 
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where is the volurae displaced by the low-pressirre piston from the 
beginning of its stroke, and which volume may be measured by the 
horizontal intercepted between the lines of piston displacement, as 
shown by the dotted projectors. 

The back pressure in the low-pressure cylinder is fixed — 

(j>i-/v) = Pn{^)u + «,) (8) ' 

The same principles may be further extended to represent the 
changes in any number of cylinders by taking two at a time. 

Over the low-pressure diagram the high-pressure diagram is shown 
dotted. It has been transferred from the opposite side of the figure 
to show more clearly the relation between the diagrams. 

To combine Indicator Diagrams of Compound Engines (Fig. 161).--- 
This is a method of constructing the diagrams to a common scale of 



Fig. 161 . 

volumes and pressun's for the purpose of showing the relative work 
areas to a uniform scale, and of seeing where the losses occur which 
are peculiar to compound e‘ngines. 

The original indicator diagrams for each cylinder are first divided 
into ten equal parts, as in the ordinary way, and the clearance line 
and saturati(jn curve are drawn on the original diagivains by the method 
already described (p. 116). 

Then taking a length of, say, about 12 in. for the length of the 
low-pressure diagram, set off on a horizontal line — which may serve 
as the scale of volumes and as the absolute zero line of the pressure, — 
a distance so that th(‘ length “of the low-j)ressure diagram repre- 
sen t-s, to the scale chosen, the piston displacement of th(^ low-pressure, 
cylinder. 

To the same scale set back the clearance volume AS of the low- 
pressure cylinder. Through point A raise a perpendicular line, which 
is called the clearance line, or the zero line of volumes, and from this 
zero mark oflf the scale of volumes as shown in Fig. 161. This scale 
is the scale of all volumes measured on the diagram. 
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The common scale of pressures c^o^en may be that of the original 
low-pressure indicator diagram, or some multiple, say 1-5 of that 
scale. Then first, to complete the extended low-pressure diagram, 
divide the length chosen for this diagram into the same number of 
divisions (namely ten) as mailed on the original indicator diagram, 
and set up to the scale chosen on the respective divisicji> lines of the 
(enlarged diagram, the absolute for ward aiid Ibackward pressures given 
at the corresponding divisions of the tJtiginal diagram. These points, 
when joined up by a free curve, will be a xeproduction to an extended 
scale of the original indicator diagram. 

To reproduce the high-pressure diagram to the' new scales, set off 
the clearance volume "and piston displacement of the high-pressui’e 
cylinder to the same scale of volume as used for the low-pressure 
(cylinder, and divide the piston displacement into ten equal parts. 
Then transfer to these division lines the absolute forward and back 
pressure given at the corresponding division lines of the original high- 
pressure indicator diagram. The original indicator diagrams should 
first be measured with the scale of the spring used in taking the 
diagram, and the actual absolute forward and back pressures marked 
upon them, so that these numbers can be transferred at once to the 
combined diagram with the enlarged scale of pressures. 

If the scale of the original low-pressure diagram is and that 
of the high-pressure diagram then, if the scale of pressures chosen 
for the combined diagram is the vertical dimensions of> the diagrams 
on the enlarged scale will be -j-l of the original scale of pressures for 
the low-pressure cylinder, and of the original scale for the high- 
pressure cylinder. 

The saturation curve is transferred flora the original diagram 
to the combined diagram in each case, by the method of “dry steam 
fraction.” 

It is piobable that the saturation curve of thfe respective cylinders 
will not coincide— that is, will not be continuous. This could only 
()ccur if the same weight of cushion steam was retained in each 
cylinder. Generally the weight of cushion steam is less in the 
lower-pressure cylinders, and therefore the saturation curve of the 
first cylinder falls outside that of, the second cylinder. 

In each cylinder we have during expansion the weight of steam 
supplied from the boiler per stroke, called the “cylinder feed,” and 
the steam retained in the clearance space at compression. In the 
diagram (Fig. 161) the compression curve of the low-pressure diagram 
is carried up by a dotted line to any horizontal line, in this case the 
atrtBDspheric line, and the compression cuiwe of the high-pressure 
diagram is brought down to the same line. Then AB = weight of 
cushion steam in the low-pressure cylinder, and AS = weight of 
cushion steam in the high-pressure cylinder ; also SR = BE =: 

“ cylinder feed ” per stroke. 



CHAPTER VIII. 

SUPERHEATED STEAM. 

The temperature of saturated steam depends upon its pressure. If heat 
be taken from it, some of the steam is condensed, but the temperature 
of what remains is unchanged so long as the pressure is unchanged. 

If heat be added to the steam when it is not in contact with water, 
its temperature will be raised above that due to its pressure ; in other 
words, it will be superheated. 

The temperature of saturated steam in the presence of water cannot 
be raised without raising its pressure. On the other hand, steam may 
be superheated without raising its pressure if the steam be permitted 
to expand as the heat is added. If steam were superheated in a closed 
chamber where no expansion is possible, then the pressure would 
increase with the temperature, as in the case of any ordinary gas. But 
in practice the steam is used in the engine as fast as it is generated, 
and the displacement of the piston is practically an indefinite extension 
of the volume of the steam space of the boiler. 

Hence the eftect of superheating the steam which passes through 
the superheater at constant pressure is to increase its volume per 
])Ound at the giv('n pressure, the increase of volume being assumed — 
in the present slate of our knowledge of the subject — to be proportional 
to the increase of its absolute temperature. 

Superheated Steaih previously used and afterwards abandoned.— 
Ill 1859, in a paj)er read before the Institution of Mechanical Engineers 
on superheated steam, by Mr. John Peiin,^ several cases were referred 
to in which superheated steam was then being used successfully, and 
for some ten years afterwards superheaters were frequently applied, 
especially in marine work. 

In 1860 particulars were given ^ of Parson and Pilgrim’s method of 
superheating, as carried out on the boilers of passenger steamers then 
running on the Thames. This method consisted of cast-iron pipes 
placed in the fire-grate, and showed that even in those days the im- 
portance was appreciated of placing the superheater near the furnace, 
and not merely in the uptake, to be heated by waste gases, as was '^he 
case generally in the marine practice of that time. 

But at an early period in the history of superheating, it was found 
generally that if superheating was carrieid beyond about from 400® 
to 500® Fahr., trouble was liable to occur in the form of scored 
cylinders and valve faces, the cause of which was probably due to 

’ Proc. Inst. MecJi. Engineers; 1859 aiid 1860. 
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defective lubrication. The tallow, which waH the labricant of that 
time, decomposed at temperatures lower than that of the steam in the 
valve-chest, and the charred residue was worse than useless for the 
purpose for which it was intended. 

It was also found that the superheater tubes were sometimes burnt 
out, owing probably to a solid deposit on i/iie ii side of the super- 
heater tubes through the use of salt feed-water. Tnis was before the 
days of the surface condenser. 

^Considerable attention had also been giveh to suporheating from 
an early period by tho Alsatian engineers, and in 1857 Mr. Him 
issued a report of tiials and experiments made by him on the value of 
superheating, which showed that a large gain might be expected 
from the use of superheated steam. The boiler pressure used by 
him was 55 lbs., and with steam superheated from 410° to 490° Fahr. 
he obtained economies of from 20 to 47 per cent. 

Superheaters continued to be used, more or less, down to about 
1870, after which they were rapidly abandoned. 

The abandonment of suporheating was probably due to the iiitro- 
iluctioji, about that time, of steam of higher pressures and higher 
normal temperatures, accompanied by the rapid introduction of the 
compound engine, as it was found that by these means the economy 
obtainable by superheating might be more easily secured, and with 
fewer mechanical difficulties. Accordingly engineers devoted them- 
selves to increasing the range of steam-pressures, and to the 
development of multiple-expansion engines. But with saturated 
steam the limit of efficiency is now nearly reached ; and engineers 
are once more reverting to superheating, in which direction a large 
advance on present-day efficiency may be expected, and, in fact, is 
now being obtained. 

The specific heat of superheated steam at constant pressure, accord- 
ing to llegnault, = 0'4805, and at constant volume = 0*346. 

The total heat (HJ of superheated steam is the heat required to 
I'aise the temperature of 1 lb. of water at 32° Fahr. to the boiling-point 
(/i) due to the pressure (p^) ; then to convert it into saturated steam 
at the same pressure ; and finally to superheat the steam to some 
temperature t^ while the pressure p^ remains constant. Then — 

^ = Hi + 0*48 {t^ — fi) 

where H^ = the total heat of saturated steam at pressure p^, 

Temperature-Entropy Diagram for Superheated Steam.— In Fig. 

162, let aAB/c represent, by an area in heat-units, the heat required 
to gerferate 1 lb. of saturated steam at tempei*ature Ti. The method 
of constructing this diagram is explained on p. 42. 

If now this steam be superheated to some temperature T^, the 
additional heat required = 0'48(T^ — Tj), and the area represent- 
ing the superheat is drawn by setting off* first the entropy cd of the 
superheated steam on the scale of entropy, making cd = 0*48(logg T, 

log, Ti) ; and from d raising a perpendicular dT^ to a height T, equal 
to the absolute temperature of the superheat. The line / T* is a line 
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of constant pressure, and with the scale usually adopted is very 
nearly straight for small ranges of temperature. For a large range 

points may be found for inter- 
mediate temperatures, and a 
free curve drawn through them. 
Then the total heat required to 
generate 1 lb. of superheated 
steam from water at tempera- 
ture T,^ to steam at 1 \, and then 
to superheat it to T„ is repre- 
sented by the area aT^ T^fTg da» 
If the steam expands adia- 
batically from T, to T 2 , then the 
work done by the 1 lb. of super- 
heated steam, if there were no 
losses, is represented by the area 

When the pressure of the 
superheated steam has fallen by 
^ expansion to g, namely, where 
Fig. 162. the saturated-steam lino fm is 

cut by the adiabatic line 

the temperatiire has now fallen to that of saturated steam, and the 
steam at this point g is dry, but is no longer superheated. If 
the expansion is continued, the steam now becomes wet, and at h 
the weight of moisture present = {hm Tow) lb. 

To find the value of the dryness fraction - T.Ji ~ we have — 

“ + </>2 = + d’48 log, ] F | T - 

from which may be obtained, where and 02 = entropy of water 
at Tj and T.^ respectively (see Entropy Tables in Aj)pendix). From 
Fig. 162, these values are represented by — 

ad -{- oa = he + oh cd 

The efficiency of that portion of the heat added as superheat, apart 
from its practical effect in reducing cylinder 
condensation, may be seen by considernig the 
somewhat exaggerated terapei-ature - entropy 
diagram, Fig. 163. 

Let ABCJDH represent the heat contained in 
1 lb. of saturated steam at pressure and t tem- 
perature C, and let HDEG represent the heat 
added as superheat. Then, if the superheated 
steam in the cylinder be expanded down to back 
pressure BM, the steam at release would be dry 
sfiturated steam without any superheat, and 
the efficiency of the superheat = SI) EM ~ 
HDEG. 

For the case where steam is superheated at release, if the steam 
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in the cylinder at some high temperatui*e, E, is expanded along the 
adiabatic line EG to some lower pi assure, F (at which, however, the 
steam is still superheated), then,, if release takes place, the super- 
heated steam will follow the constant-volume lines FKKL till it 
falls to the back-pressure line BL. The efficiency c f the superheat 
is N DEFKN 4“ HBEG, and i)be loss due to release taking place 
before the whole of its superheat had been used i^ SNK FMS. The 
heat-equivalent of these areas can be measured from the temperature- 
entropy chart in heat-units. 

The constant-volume curve fi’om K is by taking the specific 

heat of steam at constant volume 0*346 and drawing the curve KF as 
1)E was drawn for constant pressure, substituting 0*346 for 0*43, 

It will be evident from this diagram that no important gain can be 
theoretically expected from superheating. 

Superheating and Evaporating Surface. — Heat employed to super- 
heat the steam increases the number of units of heat carried to the 
engine per pound of steam supplied. Also the heat available for 
evaporation of water is reduced by the amount employed in super- 
heating the steam. Thus, suppose 10 per cent, of the heat from the 
furnace gases emjdoyed in superheating the steam, instead of evaporat- 
ing water on an extended heating surface of the boiler. The effect 
will be 10 per cent, less water evaporated per pound of coal burnt, 
and the steam generated will carry away to the engine 10 per cent, 
additional heat as superheat. Considering the boiler and superheater 
as one plant, the efficiency of this plant is unchanged, provided the 
temperature and quality of the chimney gases is the same in both 
cases ; the heat supplied by the coal having been actually taken up 
in some form by the working fluid, whether to evaporate water or to 
siij)erheat steam is immaterial from the point of view of the efficiency 
of the steam generator. 

The effect, however, on the efficiency of the steam as a working fluid 
is very marked, as will be shown. 

Temperature of Superheat required to maintain the Steam dry up 
to Cut-off. — From experiments made by the author on the behaviour 
of superheated steam in a small Schmid t-engine cylinder, it appears 
that the amount of superheat necessary to reduce the initial condensa- 
tion up to cut-oft* by any required amount is given approximately by the 
following rule : ^ namely, that for each 1 per cent, of wetness at cut-off, 
7-5° Fahr. of superheat must be present in the steam on admission to 
the engine to render the steam dry at cut-off. (A rise of 7*5° Fahr. 
will be equal to 7*5 X 0*48 = 3*6 thermal units.) 

For example, suppose, in a simple engine, when using saturated 
steam, 25 per cent, of the steam is condensed up to cut-off, and it is 
required to find how much superheat is necessary to secure dry steam 
in the cylinder at cut-off. Then, by the rule, since 1 per cent, of 
wetness requires 7*5° Fahr. of superheat, 25 per cent of wetness will 

* Deduced by Mr. Michael Longrid^c from the author’s experiments. See the 
discussion on the author’s paper on “Superheated Steam Engine Trials,” Proc- 
Tmt. C.E.^ vol. cxxviii. 
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require 7*5 x 25 == 187*5° Fahr. of superheat = (187*5 x 0*48) = 90 
thermal units pei^ pound of steam. 

These figures apply only to the experiments above referred to, and 
they will, of course, be subject to some modification for the numerous 
types of engines and variable conditions occurring in practice. 

In such an engine as the one above described, only 75 per cent, of 
the steam is engaged in the performance of useful work. The heat 
supplied per pound of saturated steam would be approximately 1000 
uiuts from temperature of feed-water, and the efficiency of the heat 
about 10 per cent. ; that is, 100 thermal units are converted into work 
for 1000 units supplied. 

But by the addition of 90 thermal units as superheat, the whole of 
the 1 lb. of steam is present as dry steam in the cylinder at cut-off, 
and the useful work done is increased approximatf'ly in tlie proportion 
of from 75 to 100, or a gain of 33*3 per cent. That is, we now have 
133*3 units of heat converted into work for an expenditure of 1090 
units; or an efficiency of 133*3-^1090 X 100 = 12*23 per cent., as 
against 10 per cent, without superheat. This shows a very large 
efficiency for that portion of the heat used to superheat, namely, 
33*3 -f-90xl00 = 37 per cent. 

Using the same numerical example, it may be se('n, also, how super- 
heating reduces the ex- 
tent of the heat-exchange 
between the steam and 
the (*y Under- walls ; for 

since 7*5° of superheat per 
pound of steam prevents 
1 per cent, of initial con- 
densailon, we have 7*5 X 
0*48 = 3*6 heat-units ab- 
sorbed by the walls, in- 
stead of 1 per cent, of the 
latent heat of the initial 
steam, which for steam at 
100 lbs. pressure = 883*3 
X 1 100 = 8*83 heat- 

units, or 2*45 times as 
much heat. When the 
superheat is sufficient to 
maintain the steam dry 
at release^ the heat-ex- 
change is still fuuther 
reduced. 

The same efiects may 
be shown graphically by 
the aid of Fig. 164. Thus, 
suppose dry saturated 
steam supplied to an engine, and that the condensation at cut-off 
was 50 per cent. Tlien area abode heat supplied per pound of 
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steam ; and the work area, when the steam is expanded down to 
exhaust pressure, = shaded area 
cfgK The loss of work due to 
condensation = area fdhg. 

To prevent this loss by means / 

of superheating, by the rule given ^ 

abot^e, for every 75° of superheat. »u« ^ . // yi 50*o > superheat 

added to the steam, wetness at / / / 

cut-off is reduced 10 per cent., , ' v / / 

and the work area cfgh is g^a- / / / ’ zso’o^supbukeat 

dually extended towards the right / // y 

as more and more fimperheat is J300 / // X 

added, until with 375° of super- / // y 

heat (= 7*5 x 50) the steam is i // / 

dry at cut-off, and the whole area >// / 

cAhh is now available as useful ////' 

work. ► 

That is, in order to obtain the ^ 
work area cfgh with saturated 

steam, the heat-units expended = iwoicATED^oRsc-siiwEw 

area ahede^ and the efficiency = Fio. 105. 

cfgh 4- nhede ; but by the addition 

of the much smaller area edst heat-units as superheat, the work area 
is nearly doubled, and the efficiency is now cdJih 4- ahedst. Hence the 
economy of heat employed as superheat. 

The numerical values of these areas should be plotted for actual 
examples on the chart, Plate I., and measured by the student with a 
planimeter. 

The effect on steam-consumption of gradually increasing -amounts 
of superheat is well seen by Fig. 165, illustrating the steam-con- 
sumption with a small single-acting Schmidt motor, having a pair of 
7-in, cylinders, stroke 11*8 in., running at 180 revolutions per minute, 
and supplied with steam with varying degrees of superheat. 

According to the rule above stated, engines of the best types having 
a minimum loss by initial condensation will require steam less highly 
superheated than engines of an inferior type having a larger loss by 
initial condensation. 

To obtain dry steam at release, the steam at cut-off will be more 
or less superheated (see Fig. 1()7), and this condition of things requires 
a further amount of superheat of from 50° to 100°, depending on the 
number of expansions, being greater as the expansions increase. It 
is »lso necessary to superheat the steam in the superheater to a 
higher degree than is required at the engine, because of the loss of 
heat which occurs in the passage from one to the other. This Joss 
depends upon the length of piping and upon the quality and amount 
of the non-conducting lagging employed. 

Reasons of Gain by Superheating.— The object of superheating is 
to secure dry steam in the cylinder, and the actual gain in practice 
which follows the use of superheated steam is due to the more or less 
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complete removal of the loss by cylinder condensation ; for when the 
working fluid is. saturated steam, no transfer of heat, however small 
in amount, can take place from the steam to the metal without 
accompanying depasition of water in the cylinder, which, during the 
exhaust stroke, is evaporated at the expense of the heat of the 
cylinder- walls. 

The result is, that the mean temperature of the"" cylinder-walls 
with saturated steam is much below that of the steam on entering 
the cylinder. On the other hand, when the steam is sufficiently 
highly superheated it is in a far more stable condition than before 
the superheat was added, and can part with the whole of its super- 
heat to the cylinder-walls without undergoing any liquefaction. 

The drier the steam at cut-off, the more work is done per pound 
of steam passing through the cylinder. The drier the steam at 
release, the less demand upon the cylinder- walls during exhaust for 
heat of re-evaporation, and the higher the mean temperature of the 
cylinder-walls. A dry cylinder at release parts with little heat to 
the comparatively non-conducting medium passing away during 
exhaust, hence the smallness of the heat-exchange between the 
steam and the cylinder-walls under such conditions. 

Superheating thus removes the principal source of loss of heat 
by the walls, namely, water in the cylinder at release, and reduces 
also the amount of the heat-exchange between th(^ steam and the 
walls to a minimum. i 

Effect of Superheat upon Heat-exchange in the Cylinder. — By 

the aid of the method described as Hirn’s analysis on p. 120, it 



Fin. 106. — Wet steam tliniug^liout Fig. 167. — Su|)mli(.‘ate(l steam 

expansion. throug-liout expansion. 

is possible to show by areas the effect of superheat in reducing the 
extent of the heat-exchange between the steam and th(^ cyliiider- 
w^alls in any actual case. 

The method consists in finding the heat missing from the steafti at 
cut-off, due to absorption of the heat by the cylinder- walls, and 
representing the same by a rectangular area drawn to the same scale 
of heat-units 2 as the indicator diagram (see Figs. 1G8 to 170). 

The heat missing at cut-off = (total heat supplied in the steam per 
stroke) + (heat in steam enclosed at compression) -f (work done upon 

' Superheating is also said to greatly reduce the loss by leakage between the 
slide valve and the face of the ports. 

- The scale of the indicator diagram in heat-uiiits = total work in foot-lbs, 778. 
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the steam during comprension) — (wurk (ione during admission) — 
(heat remaining in steam at cut-off). , 

Using the same symbols as employed in Hirn’s analysis, p. 120 
then, when Q„ = heat missing at eut-off — 

(1) For steam not superheated at cut-off (Fig. lOb) V - 

Q + 4- + AW, ^ AW, 4- Q, 4- fM,-:- UXK + x,p,\ 

(2) For steam superheated at cut-off (Fig. lOt) : — 

Q 4- M,(/^, + + AW, = AW, + Q.,4-, (M + M,) \h, +p,+ 

"" ^«) } 

from which Q, may be obtained. 

The value of t^, the absolute tempeiatuie of the supeilieateu steam 
at cut-off, is obtained by measuring to scale from the clearance line 



Uie volume i\ of the steam at cut-off on tlie indicator diagram ; and to 
tlie same scale the volume v„ of saturated steam measured to the 
saturated-steam curve. Then it is assumed that the steam behaves as 
a perfect gas, and expands in proportion to its absolute temperature ; 
and t, : t,, : : 

From a series of trials made by the author, the diagrams Figs. 168, 
169, 170 have been drawn, showing the way in which the extent of 
the heat-interchange with the cylinder walls during admission is 
reduced by superheating. The heat-exchange area, shown shaded, 
and equal in value to Q, in the above formula, is drawn to the same 
scale as the work-area of the indicator diagram expressed iu heat- 
units. The Figs. 168 to 170 show how the heat-exchange becomes 
smaller as the degree of superheat increases, or, in other words, as 
the dryness of the steam up to cut-off increases. The power and 
speed of the engine, and therefore also the area of the indicator 
diagram, are constant throughout. 

Effect of Superheat on Weight of Steam required per Stroke.— 

With a constant speed and power of engine, and a constant area of 
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indicator diagram, but a varying degree of superheat in the steam, 
the relative weights of steam passing through the cylinder per stroke, 
may be shown by placing the dry-steam curve upon the diagram as 
explained on p. 116. 

Then for the constant- work diagram, shown shaded (Fig. 171), the 
weight of steam required per stroke when no superheat is used is 
represented by ad lbs. 



ViQ. 171. Fio. 172. 


If the steam supplied to the engine be sufficiently superheated to 
render the steam superheated at cut-off, then the weight of steam 

now required per stroke = of the weight required when no super- 
heat was used. When some intermediate degr(^(^ of sujx'rheat is 
employed, the weight of steam passing through the cylinder per 
etc • 

stroke = — of the weight required when no superheat is used. 


Effect of Superheat on Work done per Pound of Steam. — The effect 
on the pressurevvolume diagram of superheating the steam is shown 
by Fig. 172, whc'ro pf represents the volume 1 lb. of steam at 
pressure op, and pa -^pf is the dry-steam fraction at cut-off. Then, 
if the steam expand down to the terminal pressure h, area pdbed 
represents approx imakdy the proportion converted into work by 
saturated steam ; and fg is the line of constant-steam weight. If 
the steam be superheated sufficiently to secure dry steam at cut-off, 
and it is expanded down to the same terminal pressure, then as 
expansion proceeds the expansion curve /x will fall within the dry- 
steam line fg, and the steam will become wet, and the area pfstd is 
th(^ work area. The gain due to superheat, being equal to the 
difference of the two areas, = pfstd — pahed. If the superheat be 
increased so as to secure dry ste^m at release, then the steam is 
superheated at cuL-off’, and its temperature T, at point ot cut-off 


m = T„ X 


pm 

pf 


where T„ is the temperature of saturated steam at 


the pressure at point m. The superheat gradually disappears as the 
expansion proceeds, till the steam falls to the temperature of dry 
steam at g. This last condition is the condition of maximum 


theoretical efficiency. 


The effect of superheat in increasing the effectives work done per 
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pound of steam is well shown by the aid of the temperature-entropy 
diagram. Fig. 173 is illustrative of the kind of figures obtained in 
this way. 

This diagram is drawn from the indicator diagrams, having first 
obtained the weight of steam used per stroke, also the dryness frac- 
tion of the steam, using different degrees of 
superheat in each case, but maintaining 'a' 
constant speed and power. They are then 
transferred direct to the temperature-en- 
tropy chart (see p. 1 16). 

Thus, if the area ahcd represent In thermal 
units the work done* per pound of steaia 
when no superheat is used, then the addi- 
tion of a moderate amount of superheat has 
the effect of increasing the dryness fraction 
of the steam, and thus increasing the efiec- 
tive-work area ahcd to aefd. If sufficient 
superheat be added to maintain the steam 
in a superheated condition at cut-off and 
throughout expansion, then the dryness line 
passes outside the saturated-steam line, and 
a peak rises to a point 8, the height of which 
depends upon the actual temj)erature of the 
steam in the cylinder, and is determined as ^ 

already described on p. 152, where 

Then the effective-work area per pound of 
steam = amsngd. 

It will thus be evident how superheat, by increasing the dryness 
fraction of the steam in the cylinder, increases the useful work done 
I ►er pound of steam supplied, the steam previously lost in the 
cylinder by initial condensation being now available for useful work. 

Considering the expansion line of these diagrams, and the extent 
to which they deviate from the vertical adiabatic line, it will be seen 
that the wetter the steam is in the cylinder at cut-off, the greater the 
flow of heat from the walls to the steam during expansion, as shown 
by the slope of the expansion line ht towards the dry-steam line mn 
as the expansion proceeds ; but the drier the steam is at cut-off, the 
more nearly the expansion line becomes a vertical line (see ek ) — in 
other words, the more nearly the cylinder becomes non-conducting. 

If the superheat is sufficiently high to supply not only the heat 
abs(jrbed by the cylinder walls, but also to provide the heat-equiva- 
lent of the work done during expansion, then the steam will be dry 
at release ; and this is the condition of maximum efficiency in a 
single cylinder. 

If more superheat is added to the steam than is sufficient for the 
urpose of securing dry steam at release, then the steam is super- 
eated in the exhaust pipe, and, unless the engine is compound, the 
superheat in the exhaust steam increases the loss at exhaust. 
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Superheated Steam in Compound Engines.— It is not practicable tc 
superheat the steam supplied to the first cylinder of compound engines 
; to such an extent as to secui'e superheated steam in the second cylinder. 
The very high economies obtained in practice by the use of super- 
heated steam have been obtained in engines where the steam in the 
first cylinder only was superheated, and then it is exceptional to 
find the steam dry release in the first cylinder, even with steam in 
the high-pressure valve-chest at 600° Fahr. 

In compound engines, although, by means of high superheating, 
the whole of the steam supplied to the first cylinder may appear in 
that cylinder as dry steam, yet when it passes forward to the next 
• cylinder, only about 70 per cent, of it, or less, will appear as steam at 
cut-off, the remainder }>eing present as water, if there is no super- 
heating between the cylinders. The power of tlie lower-pressure 
cylinders is therefore much reduced as compared with the power of 
the high-pressure cylinder. Superheating between the cylind('i‘s 
would add to the power and efficiency of the lower-pressure cylinders 
for a given weight of steam supplied to them ; and this may be 
accomplished by fitting a multitubular reheater receiver between the 
cylinders, for reheating with superheated steam, Vjy surface relieatin^ 
(not by mixing). This is equivalent to jacketing the receiver. • 

Superheated steam may be looked upon, not as a means of obtaining 
a theT-mal efficitmcy with the steam-engine in any way proportional to 
the temperatures used in the superheat, but as a device for realizing, 
or at least approaching, the full thermal efficiency of the saturated 
steam between the range of pressures used in the engine. 

Notwithstanding what has already been done, still higher efficiencies 
may be expected to follow the adoption of higher initial pressures 
combined with sufficient superheating to maintain the steam dry 
throughout the expansion. 

Admission of a Supplementary Supply of Superheated Steam 
between the Cylinders of Compound Engines.— If drying and super- 
heating the exhaust steam, on its way from the high to the 
low pressure cylinder, could be accomplished by the admission of an 
auxiliary feed of highly superheated steam from the main steam-pipe 
to the receiver, it might be supposed that the loss would be more 
than compensated by the increased efficiency of the steam in the 
following cylinders. But it will be seen that this proposal, though 
often made, is not feasible ; for, assuming the auxiliary steam 
supplied from the main steam-pipe to contain 10 per cent, additional 
heat as superheat— equivalent to, say, 100 heat-units per pound — then, 
if the steam in the receiver contains 10 per cent, of moisture^ the 
weight of auxiliary feed necessary, even to dry the steam without 
any superheating (tliat is, to provide heat-units = y^L, where 
L = latent heat of steam in the receiver), would be nearly equal to 
the total weight of steam exhausted into the receiver from the first 
cylinder, which is an altogether impracticable quantity, ^ 

Lubrication. — The difficulties which arose from defective lubrication 
' Vfi)c. Inst C.E.f vol. oxvin. p. 86. 
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in the earlier applications of superheated steam were probably due to 
the fact that the lubricant — or at least that portion of it admitted to 
the valve-chest, where it would be subjected to the maximum tem- 
perature of the steanx — had all its lubricating pro|)f rfcies destroyed, 
and its presence then would be more harmful than otherwise. But 
with the greatly improved quality of the lubr’cantl^ now be obtained, 
and with increased attention to the method of application" of the lubri- 
cant, this cause of trouble has been removed. 

If great care is t0.ken to pre\ent loss of heat by radiation between 



Fig 174. 

the superheater and the engine by the ample use of good non- 
conchictors, then the superheated steam may be delivered at a high 
temperature up to and surrounding the admission valve ; but when it 
enters the cylinder it parts usually with the whole of its superheat to 
the cylinder walls, the steam being rarely superheated at cut-off except 
with very highly superheated steam, and then only when the cut-off is 
comparatively late. 

Hence the chief point requiring attention in regard to lubrication is 
the steam-admission valves rather than the piston. 
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Superheaters. — Fig. 1T4 illustrates the Schmidt superheater as fitted 
a sj iall vertical boiler. It consists of coils of tubes placed above 
the boiler, around M^bicb tbe due gases are made to pass on their way 
tb the chimney. The coils are arranged watch-spring like, and placed 
one above the other. 

The steam leaves the steam-space of the boiler by a perforated 
tube, enters first the lowest coil, and then passes to the next coil 
above it. These two coils are termed the ‘‘fore-superheater,^’ and 
they contain the wettest steam ; they are also, of course, subjected to 
the highest temperatures of the fine gases. The steam then passes 
from the second coil into the vci-tical enlarged pipe (called the “ after- 
evaporator ”), and from here it passes to the topmost coil of thf' upper 
or “main superheater.” It then flows downwards through the suc- 
cessive coils in a direction opposite to that of the flow of the chimney 
gases, and leaves the suj)erheater at its maximum temperature from 
the lowc'.st coil of the main superheatcu* (the third coil from the 
bottom) and passes forward to the engine. The steam flowing in 
the opposite direction to the chimney gases enabk's a high tempeia- 
ture of steam to be obtained with a comparatively low temperature 
of chimney gas(is. 

The wet steam in the lowest coils is intcmded as a protection 

against ovc'rheatiiig of these 
coils. 

For regulating the supc'r- 
heat, a valve is fixed at the 
S veiti(jal flue tube, 

which is closed when the maxi- 
mum superheat is required, 
and the gases have then all to 
pass through the superheater 
coils on their way to the 
chimney. To reduce the su- 
perheat the vahe is j)artially 
raised, and more or less of the 
furnaces gases may escape by 
the chimney without passing 
through the coils. 

S£Cr/t?y ON A.B. In experimenting with this 
superheater, the author found 
that if the weight of steam 
passed through th(^ coils pf'r 
minutti W(ue reduced, then, in- 
dependently of the firing, the 
temperature of the steam im- 
mediately began to fall ; on 
the other hand, if the weight 
Fio. 175. of steam passed through the 

coils per minuter were in- 
creased, then the temperature of the steam immediately began to rise 
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ilso. From many experimentH it was found tliat, within certain 
limits, the higher the velocity of the steam pfissirg through the 
superheater, the more rapidly the heat was taken up by tl 3 steam. 



The Schieoerer superheater is a type much used on the Continent, 
and with considerable success. It consists of an arrangement of cast- 
iron pipes fitted with transverse ribs on the outside and longitudinal 
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ribs on the inside, as shown in Fig. 175. The regulation of the 
superheat is secured by dampers. 

Fig. 176 is an illustration of the Sqhwoerer superheater^ as fitted 
by Messrs. James Simpson & Co. to a Babcock and Wilcox boiler. 




Fig. 177 is an enlarged view of the superheater. Fig. 178 shows its 
application by the same firm to a Lancashire boiler*. Fig. 179 shows 
an independently fired installation of the Schwoerer superheater. 
Figs. 180 and 181 show a small-tube typo of superheater as fitted to 
a Lancashire boiler by Mcssi*s. Hick, Hargreaves Co. 

The position of the superheater^ in relation to its distance from the 
furnace, depends upon the extent of the superhe^at i*equired ; if the 
steam is merely to be dried, then the superheater may be placed in 
the waste gases beyond the boiler-heating surf act'. But it is usually 
desirable to ])lace the su]K'rheater where the temperature of the gases 
is at least 1000° F. The higher the temperature of the gases to 
which it is exposed, the more efficient the surface, and the smaller 
proportionately the surface required for a given degree of superheat. 

Heat transmitted by Superheaters.— From the results, of many 
experiments, Mr. Michael Longridge states that, in order that the 
superheater surface may be efficient, there should be a head of tem- 
perature between the flue gases and the steam of something like 
400° F. With such cfmditions he estimates that a heat transmission 
of about five units per square foot of surface per hour per degree of 
difference in temperature, the difference of temperature being taken as 
the difference between the mean temperature of the flue gases and of the 
steam respectively before entering and after leaving the superheater, ^ 

^ From a paper on “ Siiperlioating,” by Mr. W. H. Patcljell, Pioc. Inst Mech. 
Engineers, April, 1896. 

* Proc. Inst, Mech, Engineers, 1896, p. 175. 
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BegulaUon of Superheat.— The methods employed for this purpose 
may be summarized as follows ; — 



Fig. 179 .* 


(1) By the use of dampers regulating the How of flue gases to the 
superheater. 

1 From “ Application de la Surchauffe aux Machines a vapenr/’ by Prof. Fran9oi8 
Sinigaglia* 
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(2) By mixing or combining saturated and nuperheated steam in any 
required proportion. 




Fig. 181 . 


( 3 ) By the use of an independently fired superheater, which arrange- 
ment lends itself very easily to the regulation of the heat. 

( 4 ) By regulating the rate of flow of the steam. 


CHA.PTER IX. 

INTERNAL SURFACE OF ENGINE CYLINDERS. 

The loss by condensation in engine cylinders is due to the difference 
of temperature between the steam and the cooler metal of the cylinder, 
and the extent of the loss increases as the extent of the actual surface 
in contact with the steam increases. 

The portion of the double stroke, during which heat passes from the 
st^am to the metal, begins at admission of the steam to the cylinder 
and terminates usually almost immediately after cut-off, where the 
expanding steam has fallen in temperature to that of the mean 
temperature of the walls. The greater the area of the internal surface 
j)er pound of steam admitted, the greater the condensation. Hence the 
importance of reducing this surface as much as possible, especially the 
clearance portion of it, where, by care in designing, considerable reduc- 
tions might often be made, with a corresponding improvement in the 
economy of the engine. 

In respect of clearance surface and cylinder surface generally, it 
may be well to compare the effect of^ 
difference of ratio between cylinder di- 
ameter and length of stroke. 

Taking cylinders (Fig. 182) of equal 
capacity A and B, A having 4 sq. ft. of 
piston area and 1 ft. stroke, and B having 
1 sq. ft. of piston area and 4 ft. stroke ; A 
representing the short-stroke, high-speed 
type of engine of relatively large piston 
area, and B rei)resenting the long-stroke 
type- with relatively small piston area; 
then, neglecting clearance volume and 
steam passages, the relative area of clear- 
ance and cylinder surface exposed to 
equal weights of steam in the two cases will be seen from, the 
following table 


A. I B 


Piston area 

sq. 

ft. 

40 

1-0 

Stroke 

ft. 

1-0 

4*0 

Piston displacement 

cub 

ft. 

40 

4-0 

Surface of barrel 

sq 

ft. 

7-00 

14-18 

Clearance surface 


8*0 

2-0 

M -f- barrel to J stroke... 



9-78 

5*56 

fs » 4* »» 2 »» * • • 


] i 

1 11*56 

913 





4 J 

Fig. 182. 
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Clearance surface + barrel to 3 stroke sq. ft. 

,, “f* y, full .f ... ... ... )) 

Surface exposed per unit weight of stean admitted with cut - 1 

off at \ stroke j 

Ditto ditto 5 « ... 

Ditto ditto I ,, 

Ditto di'Jo fuil „ 


A. 

13^5 

15*13 

9*7P 

5*78 

4 * 4 .) 

3-78 


1269 

16*26 

5*56 

4*56 

4*23 

4*06 


Comparing the two cases, on admission of steam to the respective 
cylinders, the clearance surface of the short-^trc.ke engine is four times 
a*s great as with the long-strckc. If cut-off takes place at | stroke, 
the actual wall surface of the cylinder enclosing the steam up to cut- 
off is 5*56 sq. ft. in the long-stroke engine, and 75 per cent, more than 
this in the short-stroke engine. That is, if condensation be directly 
proportional to surface, the condensation in the short-stroke engine 
will be 75 per cent, greater than in the long-stroke engine when 
cut-off takes place at ^ stroke in each engine. 

It will, however, be observed that as the cut-off is made later, the 
respective areas of cylinder surface in the two cases become more and 
more nearly alike, and if steam were admitted to the end of the stroke, 
the surface is 7 per cent, greater in the long-stroke engine ; in other 
words, the loss by condensation in the two cylmders would be more 
nearly the same as the cut-off is later. The earlier the cut-off* the 
more advantage lies with the long-stroke engine. 

It has been so far assumed that the engines are run at the same 
rotational speed ; but if they are run at the same piston speed, as 
would be more probably the case, then the short-stroke engine would 
make four times as many revolutions as the long-stroke. 

But if the assumpf-ion is correct that cylinder condensation is 
inversely proportional to the square root of the number of rotations, 
then the loss by condensation in the long-stroke engine as compared 

with that in the short- stroke is as 1 : - ^ = 1 : 

/V T 

Short-stroke engines are therefore most econcjmical when run at 
high .speeds and with a late cut-off. 

This statement takes no account of clearance volunm. In shoi*t- 
stroke engines (see above table) the clearance volume is proportion- 
ally large, and in such engines great care must be 'taken to make the 
best use of the compression steam, so as to fill the clearance space 
with steam at a pressure as jiear as possible to the admission pressure, 
otherwise the difference must be made up by boiler steam, and the 
amount required for this purpose may be a large proportion of the 
total steam used. 

Turned and Polished Clearance Surfaces. — The advantage of 
turned and polished surfaces for the clearance spaces in reducing 
cylinder condensation has been proved in numerous instances ; and 
the most economical results yet recorded with saturated steam have 
been obtained in engines having the piston face and inner surface 
of the cylinder cover turned and polished. The surfaces appear to be 
thereby rendered more nearly non-conducting. 



CHAPTER X. 

THE STEAM-JACKET. 

The steam-jackefc, as its name implies, is an arrangement for covering 
the cylinder with a hot-steam covering. Jt consists of a chamber 
or chambers enveloping the working barrel and the covers of the 
cylinder. These chambers are filled with steam at a temperature 
equal to or greater than the initial temperature of the working steam 
enteriiig the cylinder. 

The object of the jacket is to maintain the temperature of the 
internal walls as nearly as possible equal to that of the steam^ 
entering the cylinder, and in this way to reduce the loss due to' 
initial condensation. 

As already stated, whatever tends to increase the mean tempera- 
ture of the walls tends also to reduce initial condensation, and 
experiment has shown that, the heat expended in the jacket for this 
purpose is more than compensated for l)y the increased efiiciency of 
the working steam in the cylinder. The extent of the gain follow- 
ing the use of the jacket varies greatly according to the conditions 
of working, the construction of the jacket, including the arrangements 
for drainage and for supply of steam to the jacket, the temperature of 
the steam supplied to the jacket, the speed of the engine, the quality 
of the steam entering the cylinder, the ratio of internal cylinder sur- 
face to weight of steam used, the range of temperature of the steam 
in the cylinder, etc. » 

Action of the Jacket. — XJnjacketed cast-iron cylinders are practi- 
cally a heat sponge absorbing from the steam, each stroke during 
admission, heat which should have been employed in doing useful 
work, and rejecting the same amount of heat, but at a lower 
temperatui'e, during expansion and exhaust, by re-evaporation of 
the water deposited at the beginning of the stroke. This heat is 
almost entirely wasted, as the useful work done by it by re-evapora- 
tion of water during expansion is extremely small, and the remainder 
goes away during exhaust to increase the already large exhaust 
waste. 

The greater the proportion of water deposited in the cylinder, up 
to a certain limiting point, the greater the demand upon the store of 
heat in the cylinder walls for the. purpose of re-evaporation ; the 
deeper, also, the ebb and flow of the heat-wave in the metal walls 
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each stroke, the larger the propo’^iion of heat taking part in this 
most wasteful process. 

The action of the jacket is therefore* to reduce the er.te*it of the heat- 
interchange between th(3 steam c;,nd the walls, and, as a ‘ consequence, 
to reduce also the weight of water to be after warns re evaporated at 
the expense of heat from the cylinuer walls. Thrs with a jacket a 
smaller proportion of the heat of the steam is wasted in merely 
passing into and out of the walls, and a Irrgtv proportion is employed 
in the performance of useful wor>- than when no jacket is used. 

Ail heat" transmitted through th'3 cylinder walls fiom the jacket 
is accompanied by a correspjiiding loss due to condensation in the 
jacket, but the net result is in favour of jacketing. For it should 
be noted that each 1 lb, of steam condensed in the jacket leaves the 
jacket as water containing say 270 units of heat ; while each 1 lb. of 
steam condensed in the cylinder passes away as steam, and carries 
with it to the air or condenser the latent heat of the steam (from 900 
to 1000 units) which has been first given to and then taken from the 
cylinder walls. There is no re-evaporation of the water in the jacket, 
but it may be usefully employed as a hot feed to the boiler. The 
heat transmitted by the jacket per pound of steam condensed therein is 
the latent heat of steam L for the pressure in the jacket. 

Effect of Speed of Rotation. — Since the amount of heat transmitted 
through the cylinder walls varies with the time, then, as the rate 
of rotation increases, the extent of the heat interchanged per stroke 
between the steam and the walls will become less, until, when the 
speed is indefinitely great, the heat-interchange is zero, and the 
jacket is of no effect. From this it follows that the efficiency of 
the jacket is greater as the rotational speeds decrease. 

Effect of Ratio of Expansion. — With given initial and back pres- 
sures — that is, with a fixed range of temperatures in the cylinder, 
but with a variable cut-off — the efficiency of the jacket will vary with 
t he point of cut-off. For, since the flow of heat through the cylinder 
walls varies with the temperature on the two sides of the walls, it 
is evident that the jacket heat will pass more readily the earlier the 
cut-off, since the mean temperature of the internal portion of the 
cylinder walls is lower as the cut-off is earlier. 

Hence the jacket is more effective in cylinders having a large ratio 
of expansion. During expansion the ro-evaporation is greater without^ 
a jacket than with one, and the dryness fraction, especially at release, 
is always greater with a jacket than without one. 

The following diagram shows the varying efficiency of a steam- 
jacket at different ratios of expansion. It was prepared by Mr. Bryan 
Donkin from trials' made by him with an engine having a cylinder 
0 in. diameter, stroke 8 in. ; speed in all experiments about 220 
revolutions per minute ; steam pressure, about 50 lbs. above atmo- 
sphere. 

Water in the cylinder, from any cause whatever, is a source 
of loss of heat from the cylinder walls. Owing to the property 
which liquids posses^ of absorbing heat from surrounding bodies 
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during the process of evaporation which follows a fall of pressure, 
it is easy to account for the rapid flow of heat from the walls to the 
water in the cylinder during ‘expansion, but especially when the 
exhaust port opens. 

However dry the condition of the steam on entering the cylinder, 
there is always some initial condensation (except when a high degree 
of superheat is used), and even if the steam were dry at cut-oflT, tliere 
is still the water formed during expansion by transmutation of heat 
into work. 



Fig. 18.3, 

Assuming that all possible care has been taken to obtain dry 
steam in the cylinder by lagging steam-pipes, cylinders, and valve- 
chests, by fixing separators, and drain-cocks from valve-chests, by 
reduction as fai* as possible of the proportion of clearance surface, 
and by polished internal surfaces of cylinder-cover and pistons, then, 
unless the speed of rotation is high, the steam-jacket or superheating 
will still be necessary to secure dry steam at release. 

The action of the jacket may be further illustrated by the aid of 
the temperature-entropy diagram. 
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1. If the cylinder walls are as hot as the entering steam, then the 
steam is dry at cut-off. The heat required to maintain the steam 
dry throughout expansion 
area altfd (Fig. 184), where \f 
is the dry or saturated steam 
curve, or curve of constant 
steam weight. This .diows that 
without a jacket, in the best of 
( iginesj the dry steam, expand- 
ing adiabatically end doing 
work, becomes Wettf3r as the 
expansion continues, and that 
the steam can only be dry at 
release by the further addition 
of heat from an external source. 

It also shows that the heat so 
added is not theoretically so 
efficient as the heat of the work- 
ing steam, because the whole of 
tlie added heat is not applied 
at its maximum temperature, 
but is applied during a gradual 
fall of temperature. The efficiency of the jacket steam in such a 
case is nJcf~^ alcfd. If this were the condition of things in prac- 
tice, then a jacket would not be a source of gain, but a source of 
loss of efficiency ; but in practice these conditions are considerably 
modified, with the result that the jacket heat actually increases the 
efficiency. 

2. In unjacketed cylinders, though dry steam is supplied to the 
engine, the steam is never dry at cut-ofF, but has some dryness 
fraction tr -4- tic. Suppose now that a jacket be added, and that the 
steam is thereby rendered dry at cut-off* and throughout expansion to 
release. Then heat supplied by jacket = area aJcfd. But by this addition 
of heat there is an increase of useful work = area clcfcc ; thei’efore 
the actual efficiency of the jacket heat = clcfec akfd, or an increase 
of engine efficiency of from {tcop -4- opika) to (tkfp -4- optkfd). 

Construction of the Jacket. — The success of jacketing depends very 
iargely upon the care exercised both in the design and use of the 
jacket. If a jacket is so constructed as to leave pockets which will 
inevitably remain filled with water, or flat horizontal surfaces upon 
which will continually lie a layer of water through which heat is 
expected to pass to the cylinder, the result will be disappointing. 
(Ireat care should be taken to arrange for the proper flow of the 
water deposited in the jacket to the jacket drain by sloping surfaces 
and properly placed drain-pipes. 

The steam-supply pipe to the jacket should be made of ample 
diameter ; also care should be taken to provide for efficient circulation 
of the steam in the jacket. 

Cylinders are sometimes made with a surrounding jacket, through 
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which the steam from the boiler first passes before entering the 
cylinder. The object of this is, no doubt, to accelerate the action of 
the jacket by a rapid circulation of the jacket steam. Such jackets 
should be well drained, but the jacket is never in direct connection 
with the exhaust side of the piston, hence its mean temperature is 
higher than that of the internal cylinder walls. 

The value of the jacket is greater, other things being equal, as the 
dimensions of the cylinder are smaller ; because in small cylinders 
the cylinder surface per unit weight of steam passing through the 
engine is greater than in large cylinders. 

One effect of jackets is to increase the tendency to loss of heat by 
radiation, as the area of the external surface and the temperature of 
the surface are both increased by the addition of jackets. 

It appears, from various experiments, that there is no advantage in 
making the pressure of the steam in the jacket of any cylinder more 
than a few pounds greater than that of the initial steam in the 
cylinder. Thus it is usual to reduce the pressure in the jackets of 
the second and succeeding cylinders of triple and quadi:uple expansion 
engines. 

In the engines of H.M.S. Powerful, the pressure of steam at the 
stop-valve is 210 lbs. All the cylinders are steam-jacketed. The 
high-pressure cylinder is jacketed with steam at 210 lbs. pressure. 
The steam to the intermediate jacket passes through a reducing* 
valve loaded to 100 lbs., and to the low-pressure jacket through a 
reducing- valve loaded to 25 lbs. 



Fig. 18.5. Fig. 186. 

The above figure (Fig. 186) shows the effect of jackets on the 
cylinders of a triple-expansion engine.* H = high-pressure cylinder ; 
1 = intermediate cylinder ; L = low-pressure cylinder. The rect- 
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angles' marked N, N, N show by the darkened areas the proportion 
of water present at cut-off with no steam in the jackets. 

The rectangles marked J, J, J show the effect on the dryness fraction 
of the steam when steam is admitf ed to all the ja^kots ; from which 
it will be seen that the gain resulting from a jacket is greatest in the 
low-pressure cylinder, and least in the high-pi.’es6ufo cylinder.^ 

The Reports of the Research Committee of the Institution of 
Mechanical Engineers on the value of the steam-jacket are a collection 
of valuable facts obtained from numerous sou ices, but the Report 
containing the final conclusions of the committee has not yet been 
published. It has, however, been shown that the gain by jacketing 
varies considerably as the conditions and extent of the jacketing 
vary, being from 2 or 8 per cent, to 25 per cent, in favour of jacketing. 

In the trial of the Pawtucket pumping engine by Prof. J. E. 
Denton, the engine being compound, with both cylinders jacketed on 
barrels and ends, and with .steam at full boiler pressure in all the 
jackets, a difference of only 3 per cent, in favour of jacketing was 
obtained. 

From trials made by Prof. Osborne Reynolds of the triple -expansion 
fully jacketed engines at the Owens College, it was found that with 
jackets filled throughout with boiler pressure, 19*4 per cent, of the 
total heat supjdicid was converted into work. Without steam in any 
of the cylinder jackets this percentage fell to 15 ’5, sliowing a gain of 
over 25 per cent, in favour of jacketing, 

* See “Reports of Research Committee on the Value of the Steam Jacket,” Proc, 
hut. M.F, 1881), 1892, 181)1. 



CHAPTER XL 

THE INJECTOR. 

The injector is an instrument for feeding boilers, and is used instead 
of, or in conjunction >vith, a feed pump. It was inveiite;d in 1858 

by M. Giffard, a French 
engineer, who established 
beyond doubt the power 
of a jet of steam, passing 
from the steam space of 
a boiler, to force water 
into the same boiler 
against the same internal 
pressure as that of the 
steam itself. 

The construction of the 
injector will be under- 
stood by the following 
diagrammatic sketch 
(Fig. 187). The steam- 
nozzle,, 8, shows how the 
steam is supplied to the injector through a small inlet. The amount 
of the steam-supply is regulated by the coned plug, which fits more or 
less closely against the orifice. 

The combining tube, r, is where the slowly moving water, drawn 
up from the well R by the action of the steam-jet, combines with the 
swiftly flowing stream of condensed steam, and is carried forward by 
it into the boiler. 

The delivery tube,, d, receives the contents of the combining tube. 
Here at its narrowest part the maximum velocity of the jet is attained, 
and from this point the velocity of the jet is reduced as it proceeds 
along the diverging tube to the boiler feed-pipe /. 

The overflow, o, is an opening or break in the pipe through wliich 
excess of water or steam may escape during the operation of starting. 

Fig. 188 illustrates the actual construction of the injector as 
originally introduced, and of which pattern large numbers are still 
made. 

Fig. 189 is a section of Messrs. Holden and Brooke's Injector (non- 
lifting pattern). 

Action of the Injector. — To start the injector, it is necessary first 
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to ^urn on the water-supply, and then to withdraw the steam-spindle 
slightly so as to admit steam through the nozzle into the injector. 
The steam-spindle may then be fully opened, the supply of water 
being regulated till there is no overflow of either water or steam. 
The steam-jet carries forward with it entrained aii trom the water- 
chamber (A, Fig. 187), thereby causing a partial vacuum in that 
chamber, and the water in the suction pipe to rise and enter the com- 
bining tube. The jet of steam, coming into cotitact with the cold 
water, is condensed laterally to an attenuated thread of water, which 
retains, however, its original velocity, and pesses forward from the 
combining tube into the delivery tube, carrying with it entrained 
water. 

After passing through the throat of the delivery tube, the velocity 
of the steam decreases as the cross-section of the diverging tube 
increases, and finally the combined stream enters the boiler. 

( — — — The Combining Tube.— In this tube, 
by means of the vacuum formed by 
the condensed steam, the water is 
drawn up into the injector. It is 

M evident, therefore, that the water 

must be sufficiently cold to condense 
the steam, and that the proportion of 


Fig. 188. 



OEUVERY 

Fig. 189. 


Water to steam must be sufficient to ensure complete condensation, 
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if the injector is to lift water from a well placed below it. The 
quality of the vacuum in this tube depends upon the temperature 
of the combined steam and water. 

The effect of varying the steam pressure with a given setting of 
the instrument is to vary also the supply of water needed. Thus, if 
the steam pressure is increased, the supply of feed-water should 
increase also, to properly condense the steam, or the degree of vacuum 
will be reduced and the action of the injector impaired. Or, if the 
pressure of the steam is reduced, the feed -water will be in excess, and 
will escape by the overflow. 

Velocity in the Delivery Tube. — If H = the head of water in the 
boiler equivalent to the internal pressure, then the velocity (r) of 

a jet of water flowing from 
the boiler = and the 

velocity of the jet to enter 
the boiler, or its equivalent 
in pressure, must be in excess 
of this. 

Also, if w = the weight of 
1 cub. ft. of- water in pounds, 
then P in pounds per square 
ft. = ivH lbs, ; or — 

w 

and — 



h'roin which it is clear that 
the velocity of a jet varies 
inversely as the square root 
of its density (ir). Thus the 
velocity of steam will be very 
much grefiter than the velocity of water under the same pressure, 
because of the very low density of steam compared with water ; 
hence the effectiveness of the condensed steam-jet as a means of 
admitting water into the boiler against the boiler pressure. 

The impinging jet enters the boiler because the kinetic energy 

which it possesses equivalent in pressure, is greater than 

that which is due to the head H of the equivalent water-column acting 
in the opposite direction. NaplePs formula for the flow of steam' into 
the air in pounds per second 

= w = ^-^ 

70 


where P = boiler pressure absolute in pounds per square inch ; 
A = area of orifice in square inches. 

In the gradually diverging delivery tube, if a section be taken at 
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successive positions along the tube, there will be exactly the same 
weight of water flowing through ea^ of these sections in the same 
time, namely, AV, where V = velocity in feet per second, and A = 
area in square feet; and AV ~ AiVi = A 2 V 2 , etc., assuming the 
density of the jet to bo uniforn^. And since the area A of the section 
increases from the minimum section towards^ the boiler, so the 
velocity decreases ; and since the area cKatiges as the square of 
the diameters of the section, the velocity will change inversely as 
the square of the diameters. This is s%iwn by the diagram Fig. 
r.)0, where a curve of velocities is set up at successive sections of the 
tube, calculated thus : 

. X volume passing in cubic feet 

Velocity at any section = i-“ -x* * i- , 

area of section in square leet 

AV 

or Vi = or Vi = where d = diameter of section 


Since the pressure at any section varies with the velocity, a curve 
of pressures is also drawn. It is calculated from the following 
formula : — 


ni + 


?v 

% 


TL + 


a constant 


these expressions representing the total heads at the beginning and 
end respectively of the delivery tube ; and th(? sum of the pressure 
and kinetic energies in the tube being a constant — 


Then II, = Hi + 


~ r./ 




the value of v for any section of the tube being obtained as explained 
above ; and the value of P being equal to as before, we may 
write — 

Pa _ Pi »l^- '0l_ 

w w 2g 


Weight of Feed Water per Pound of Steam. — Assuming the steam 
supply to be dry, and reckoning from 32® Fahr. — 

Heat-units contained in the steam per pound = /q + Pi 
,, „ feed-water per pound = 

„ ,, mixture per pound = ( 14 - 

Then, neglecting losses by radiation, the pounds of feed-water 
supplied per pound of steam used by the injector may be obtained 
whep we know the rise of temperature of the water passing through 
the injector. Thus — 

Gain of heat by feed-water = — Jh) 

Loss of heat by the 1 lb. of steam = Lj -f 

The kinetic energy of the jet) , j. x - - 

exT)ressed in heat-units ) ^ ^2g ^ 778 

Then- 
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L, + \- h = (l + X + W(h, - h) 

Loss by steam = kinetic energy of jet + gain by feed 

Neglecting the term representing kinetic energy, which would be 
very small — 

L, + fh - h = - K) 

^ _ Lj + hi — 7*2 
- - 7*3 

= the weight of feed- water lifted per pound of steam 
supplied to the injector 

The overflow is assumed to be open to the atmosphere, and therefore 
the temperature of the jet cannot exceed 212° Fahr. It is seldom 
higher than 170° Fahr. 

The temperature of the water passing into the boiler depends upon 
the fact that the steam from the jet must all be condensed as it 
leaves the steam-nozzle. 

The temperature of the water with which the injector is supplied 
must be low enough to condense the steam fi*om the steam-nozzle, 
otherwise the injector will not work. The weight of water delivered 
per pound of steam used is about 13 lbs. for locomotive in- 
jectors. 

As the initial temperature of tlie fefid-water is increased, the weight 
of steam required to lift a given weight of feed-water increases. 

Efficiency of the Injector. — The mechanical work performed by the 
injector consists in lifting the weight of feed-water through a height 
7 i, and delivering it into the boiler against the internal pressure. 

U = {W7* 4- (W + 1)7/^,} jin heat-units 

where U = work done; h^, = the equivalent head = j) X 2*3 due to 
the pressure, where 2 ’3 = head in feet per 1 lb. j)ressure ; and 
W = pounds of water delivered per pound of steam. 

If considered as a pump, the efficiency E,,, is — 

■p - - 

- L, + /(, - h, 

where the denominator represents the number of units of heat given 
up by the steam to perform the work. 

The Thermal Efficiency, E^, of the injector is unity, for — 

/ Heat supplied work done in lifting and , f heat restored \ 

from boiler / v injecting feed-water y x to boiler ) 

or — 

^ U + W(7*2 - Jh) 

L,-fA,-7*2 

That is, all the heat expended is restored either as work done or 
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in heat returned to the boiler, and value of the above frac- 
tion = 1. It should be noted, however, that the beat is returned at 
a lower temperature. 

When a boiler plant is provided with an econopciizer or feed-heater, 
the injector may be made to supply the feed through the feed-heater, 
and the hot feed from the injector oiay thus be* ^itill further heated 
in the feed-heater on its way to the* boiler. 

^ The Lifting Injector. — The property possessed by the injector 
enabling it to lift water depends upoxi i^s; power to reduce the 
pressure in chamber A fFig. 187) below that of the atmosphere. 
There is no difficulty in continuing the water-supply when it has 
once entered the injector, because of the vacuum formed by the con- 
densation of steam in the combining, tube ; but to raise the water in 
the first place, the jet of steam passing out of the nozzle at a high 
velocity must act first as an ejector entraining the air away from the 
chamber A and carrying it forward through the combining tube, thus 
causing a vacuum in A. 

For this purpose the steam must have a free j.amige through the 
instrument sufficient to prevent any throttlings of the steam as it 
issues from the nozzle, otherwise a pressure will be set up in A 
greater than that in B (Fig. 187) which is open to the atmosphere, 
and no water will be lifted. 

This freedom from throttling of the steam as it passes along the 
combining tube may be accomplished in two ways : first, by arranging 
for a small amount of steam to pass through the jet by only opening 
slightly the steam-spindle ; or, secondly, if a large flow of steam is 
passing through the nozzle, to arrange for a self-acting method of 
enlarging the area of exit for the steam, to prevent its becoming 
throttled in the injector. Injectors fitted with such an arrangement 
are termed automatic, self-acting, re-starting injectors. 

“Automatic” Injectors. — These are injectors which, if stopped in 
Iheir action by jolting, as on a locomotive, or from any other cause, 
automatically re-start, and continue to work without requiring any 
readjustment of the steam or water supply, as would be necessary if 
the injector were of the type previously described. 

The methods adopted in order to fulfil the condition of automatic 
re-starting are shown in Figs. 191 and 192. Fig. 191 is a standard 
pattern as made by Messrs. Holden and Brooke. Fig. 192 is the 
split-nozzle ” injector, in which it will be seen that the combining 
tube is split longitudinally for rather more than half its length. 
The loose half forms a flap, and hangs freely from a hinge. When 
the injector is not at work the flap hangs open, and thus aflbrds a 
large area for escape of steam through the overflow. 

When steam is turned on it flows freely through the injector, 
entraining air with it, forming a vacuum in the suction pipe and 
drawing water into the instrument. When the water reaches the 
combining tube, the steam is condensed, a partial vacuum is formed, 
and the flap instantly closes, the overflow being in communication 
with the air. The split nozzle then acts as an ordinary solid 

N 
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combining tube, and the water is 

STEAM 



carried forward through the 
delivery tube into the boiler. 

The Holden and Brooke in- 
jector (Fig. 191) is similar in 
principle to the flap, but the 
flap valve is placed in the 
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shell of the injector instead of in the nozzle. 

The Exhaust Injector is similar in principle to an ordinary injector, 
and differs from it chiefly in having a steam-nozzle of very wide bore. 



The feed-water supply to the exhaust injector must be arranged to 
floiv into the injector. 

Fig. 193 shows the attachment of the exhaust injector to a boiler. 


CHAPTER XTL 

CONDENSERS. 

The condenser is a chamber into which the steam is passed and con- 
densed instead of being exhausted into the air. 

The object of the condenser is twofold, being first to remove as far 
as possible the efi[ect of atmospheric pressure from the exhaust side of 
the piston Vjy recei\ing the exhaust steam and condensing it, thus 
reducing the back pressure from 16 or 17 absolute to 3 or 4 lbs. 
absolute ; and, secondly, to enable the steam which acts on the piston 
to be expanded down to a lower pressure before leaving the cylinder 
than can profitably be done when the steam exhausts into the air. 

In compound engines, since the influence of the condenser acts in 
the largest cylinder, the proportional increase of power will be large, 
varying from 20 to 30 per cent., depending on the proportion which 
the increase of mean pressure bears to the original mean pressure 
of the engine referred to the low-pressure cylinders. The proportional 
gain by a condenser will thus be greater as the power of the engine 
is reduced. 

Condensers are of various types, which may be divided as 
follows : — 

1. Those requiring large quantities of cold water for the purpose of 
condensing the exhaust steam, including — 

(a) Jet condensers ; 

{h) Surface condensers ; 

(c) Ejector condensers ; 

where in each case the cooling water passing from the condenser flows 
away to waste. 

2. Those requiring very small quantities of water, the place of the 
continuous water-supply being taken by an extended cooling surface 
exposed to currents of air, and including — 

la) Evaporative condensers ; 

(h) Ordinary condensers combined with a system of fiir-cooling of 
the condensing water. 

The jet condenser, as its name implies, condenses the steam by 
means of a jet of cold water, and is illustrated by Fig. 194. 

The steam, on being exhausted from the cylinder, passes into the 
condenser C, where it is condensed by the jet of cold water. The 
condensed steam and injection water must now be removed by means 
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’ Another form of jet 

condenser and air-pump used for horizontal engines as made by 
Messrs. Tangyes of Birmingham is shown in the diagram, Fig. 195. 

The air-pump rod is an extension of the piston-rod through the 
back end of the cylinder. The exhaust steam enters the condensing 
chamber C, where it is met by* the cold-water spray J and condensed. 
The condensed steam and injection water are removed from this 
chamber by the air-pump AP, which draws it through the suction- 
valves FV, and forces it forward through the delivery valve HV into 
the hot well HW, from which the boiler-feed may be taken. The 
remainder overflows. 

The steam should enter the upper portion of a jet condenser so that 
there is no danger of the water flowing back to the cylinder, and in 
all cases the injection supply should be carefully regulated, and shut 
off before or at the same time as the steam-supply is closed when the 
engine is stopped. 

The condenser should be so shaped that the water may flow readily 
by a fall from the condenser to the bottom of the air-pump. 

The capacity of a jet condenser may be generally one.-third that of 
the cylinder or cylinders exhausting into it.^ 

Surface Condensers. — The surface condenser has now entirely 
superseded the jet condenser for marine work, and it is employed 
for stationary work in cases where it is desired to return the condensed 
steam as feed to the boilers, as when the condensing water is too dirty 
or too full of impurities to be used as feed. 

* Seatou’fl “ Manual of Marine Engineering.” 
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Up to about the year 1860 the pise«isure of steam In marine boilers 
was not more than 30 lbs. to the square inch, and the boiler-feed 
ivas taken from the hot well • of a jet condenser. This water 



Fig. 195. 

was practically as salt as sea-water, owing to the fact that the 
condenser was supplied with a sea-water injection, the sea-water and 
thr exhaust steam being in the proportion of about 30 to 1 by weight. 
Ev(‘n with the low boiler-pressures then used, the salt in the boiler 
was a serious drawback, for sea-water contains of its weight of 
solid matter dissolved in it, and when evaporated, the whole of the 
dissolved solid matter is left behind to be deposited on the boiler- 
plates, forming a more or less solid incrustation. This incrustation is 
a bad conductor of heat, and further, since it keeps the water from 
contact with the hot furnace-plate, there was great danger of the plate 
getting red hot, and the top of the furnace collapsing. To prevent 
the water in the boiler from becoming too much saturated with salt, 
it was necessary to ‘‘blow off” a portion of the contents of the boiler 
from •time to time, and to supply its place with a fresh supply of 
sea-water. By thus blowing away to waste large quantities of hot 
water, a considerable waste of heat was evidently the result. 

But when steam pressures began to increase — this being made 
possible by the introduction of mild steel plates for boiler construction 
— the difficulty arising from the presence of salt in the feed-water now 
became more serious, for at higher temperatures and pressures the 
presence of solid matter is much more mischievous and dangerous. 
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Hence the introduction of the surface condenser, which does away with 
the necessity of feeding the Ixiiler "nth salt water ; the condensed 
steam itpr^lf being kept s(^parate from the condensing water, and the 
condensed steam alone being pumped back again to the boiler as a 
hot fresh-water feed. For the steam is here condensed, not by being 
mixed with large volumes of cold water, but by coming in contact 
with cold metallic surfaces. 

Thus the great advantage of the surface condenser consists in its 
providing a feed to the boilers free from sea-salt in solution. 

Starting with the boilers filled to the working level with pure 
water, this same water is used over and over again indefinitely, the 



only additional feed being tliat necessary to make up for the small 
waste from leaky glands, loss by safety-valves, etc. 

The general arrangement of a surface condenser is shown in Fig. 19G. 
The cold metallic surface required by which to condense the steam 
is provided by means of a. h. ge Jiumber of 
thin tubes through which a curi'ent of cold 
water is circulated. This arrangement 
supplies a Large cooling surface within 
comparatively small limits qf space. 

The tubes are made to pass right through 
the condensing chamber, aJid so as to j)ermit 
of no connection between the steam and 
condensing water. '^Phe steam is exhausted 
into the condenser, and there coiries Ih con- 
tact with the cold external surface of the 
tubes. It is then condensed, falls to the 
bottom, flows into the air-pump chamber, 
and is pumped into the hot well, from which 
l^iQ 197 , the feed-pump passes it forward to the 

boiler. 

The tubes are secured to tube jdates as shown (Fig. 197), and outer 
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covers are placed over each end, space Vmg left to allow of circulation 
of the cooling water as shown by the arrows. 

The cooling water is forced through the tubes by means of a 



Fig. 198. 


circulating pump^ sometimes of an independent type, as shown in Fig. 
198, though frequently of the simple plunger type worked directly 
from the engine. 

The cold circulating water enters at the bottom corner of the 


condenser through a 
flanged opening in the I" 
cover, and it is com- / 
pelled to pass first I 
through the lower- set 1 
of tubes by a horizontal ; 
dividing-plate, and to V 
return through the up- 
per rows to the outlet 
leading to the overflow. 

Fig. 199 illustrates 
a surface condenser and 
air-pump as applied to 
marine engines, the 
pumps being driven 
from the main engines 
by side levers worked 
by lifiks from the cross- 
head. 

The Vacuum Gauge. 

— The vacuum gauge 
records the difference 



between the pressure 


Fig. 199. 


of the external air and 


the pressure in the condenser in inches of mercury, not in pounds 
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per square inch. The face of the gauge is graduated from 0 to 30 
in. of mercury. One inch of mercury = 0*491 lb. pressure. This is 
usually taken as 0-5, and then 1 lb. pressure = 2 in. of mercury 
approximi*tely. 

To convert the reading of the vacuum gauge into pounds per square 
inch pressure measured from absolute zero, take reading of vacuum 
gauge, subtract from 30, and divide by 2. 

Independent Air-pump and Condenser. — To convert a non-condensing 
plant into condensing, a simple method is to fix an independent con- 



Fig. 200 


denser and air-pump worked by its own separate steam -(cylinder. 
Such an arraugemeTit is shown in Fig. 200, which illustrates the 
Worthington independent jet condenser. 

Exhaust steam enters at A and passes into the vacuum chamber F, 
through a spray of cold watei* issuing from the f^one valve D, the 
cold-water supply being connected at B. The quantity of cold injection 
water is adjusted by the wheel E. 

The condensing water and condensed steam are removed by th^air- 
pump G, through the suction valves H, and the discharged Valves I, 
to the discharge pipe J. 

The Worthington pump is ‘^duplex ’'—that is, there are two steam- 
cylinders and two pumps working together side by side, forming one 
set, and so combined as to act reciprocally, each on the steam- valve of 
the other. The one piston acts to give steam to the other, after which 
it finishes its own stroke, and waits for its val\e to be acted upon 
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before it can renew its motion. Thi- pause allows all the valves to 
close quietly, and prevents shocks. One or other of the valves is 
always open, and there can therefore be no dead point. 

Fig. 201 illustrates the Wheeler independent snftace condenser 
mounted on its own air and circulating, pumps, these pumps being 
driven by a single separate steahi-oy Under shpwn-betweeti them. 



Fig. 201. 


A feature of this condenser is the ‘‘ double-tube system ” of con- 
veying the cooling water, as shown in Fig. 202. The circulating or 
cooling water enters at the outer end of the smaller internal tubes, 
which extend nearly to the far - end of the larger tubes. The small 
tubes are open at the inner end, and the large tubes are closed at 


Fig. 202. 

that end by a brass cap. Thus the water, after passing through the 
small tube, returns in the oppo.site direction through the annular 
spa(ie between the two tubes. By this device the surface exposed per 
unit weight of cooling water supplied is considerably increased. 

The water passes from the lower group of tubes to the higher, as 
shown by the arrows, and after passing in a similar manner thi'ough 
the upper group of tubes, leaves the condenser at the top. 

Weight of Water required per Pound of Steam condensed.— Each 
pound of cooling water entering a jet condenser will gain < 2 ““tj units 
of heat, and each pound of steam condensed will lose H — units of 
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heat ; where = final temperature of mixture of condensed steam and 
injection water, t^ s= initial temperature of injection water, H = total 
heat of steam at pressure in exhaust pipe. If W = weight of cooling 
water required per pound of steam, then — 

= H - (f, - 32) 

_ H - 

*^2 *1 

This assumes the steam dry at exhaust, which is sufficiently accurate 
for practical purposes. 

The weight of water requ'red for condensing in surface condensers 
is somewhat greater than that in jet condensers, because in surface 
condensers the final temperature {1^) of the cooling water on one side 
of the cooling surface must always be less than that of the steam (t^) 
on the other side of the surface ; whereas in the jet condenser the 
condensing water and condensed steam are both finally at the same 
temperature (/J. For sui-face condensers, assuming the exhaust steam 
from the cylindjpr is dry— 

w = 

h "■ h 

H — 1.2 —32 being the heat lost by the steam, and being the 

heat gained by the condensing water. 

The Ejector Condenser. — This apparatus, as constructed by Messrs. 

T. Led ward & Co., is illus- 
trjited in Figs. 203 and 204. 
The cold water, which should 
be supplied from a head of 15 
to 20 ft., enter the apparatus 
through a contracted nozzle as 
shown, and passes forward in 
the form of a round solid jet 
through a series of coned 
nozzles, and at a t latable ve- 
locity obtained from the head 
<>f water in the supply pipe. 

Tlie exhaust steam, entering 
the apparatus Hows into tlu^ 
annular spaces between the 
cones, and is condensed by 
the stream of cold water and 
rapidly carried away ; and y:ii8 
condensation of the (^xbaust 
steam takes place so rapidly 
as to maintain a high degree 
of vacuum in the exhaust 
chamber. 

DISCHARGE Where a natural fall of 

water is :Lot available, a pump 



Fig. 20a. 
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must be used to raise the water to the required height, or to force 
the water direct into the condenser. 

With this apparatus a vacuum can be obtfdne J before the engine 
starts, which is in some cases an advant *,ge. 

No air-pump is required with the ejector condenser. It will be 



Fig. 204. 


noticed that the ejector condenser delivers a stream of water against 
atmospheric pressure while there is a more or less perfect vacuum in 
the condenser itself. This is due to the kinetic energy of the jet of 
water being able to overcome atmospheric resistance. The amount 
of condensing water required per pound of steam condensed may be 
calculated in the same way as already described for the jet condenser. 

Evaporative Condensers. — The chief difficulty in the way of 
working engines condensing instead of non-condensing has usually 
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been the absepee of a good supply of water, the quantity required 
in surface and jet condensers l:)eing from twenty to thirty tunes th? 
> /eight of the feed -water used. But with the introduction of the 
oraporativb condenser, the absence of a good water-supply is no 
longer a difficulty, as the same result may be obtained by the action 
of air on an extended cooling surface. By the use of such an extended 
extenial cooling surface, it is possible with a supply of cooling water 
no greater in amount than that used by the boiler feed, or even less, 
to secure an efficient vacuum. 

The increase of power, or increase of economy of steam for the 
same power as compared with working non-condensing, as already 
stated, may bo considerable, while after the first cost of the ap})aratus 
the working exj)enses are practically nothing. Thus if the mean 
effective })ressure on the piston without a condenser is 30 lbs. per square 
inch, and this mean j)ressure be increased by an additional 12 lbs. 
due to removal of back pressure by the condenser, we have a gain 
of 40 per cent., and this gain would probably be a very good interest 
on the outlay. # 

The evaporative condenser, as made by Messrs. Led ward & Co. 
(Fig. 205), consists of a series of pipes arranged and constructed 



so as to afford a large external radiating surface, over which small 
stmms of water are allowed to slowly trickle. The exhau.st steam , 
enters the system of pipes at one end, th(‘ other end being eoimected 
with an air-pump which maintains a v.acuum in the pipes. The 
exhaust steam parts w'itb its heat by evaporation of the water on 
the external surface of the pipes. A circulation of cixding water, is 
continuously maintained by means of a circulating pump which 
feeds from the collecting tank below the system of pipes. 

The apparatus just described is in al! respects similar to an ordinary 
surface condenser. 

Condensing-water Cooler8.-Tho illustration (%. 206) .shows an 
arrangement by Messrs. Worthington for re-cooling the condensing 
water, which is discharged from an ordinary Jet condenser. This 
arrangement is not to bo confounded with the ernpnrative condenm 
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The feature of the arrangement in that the condensation may be 
maintained continuously by the use of a comparatively small original 



Fia. 206. 


supply of cooling water, this water, which is used over and over 
again, being successively heated in the condenser and cooled in a 
cooling tower. 
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The heated water, on leaving the condenser, is raised to the top of 
the tower, where it is distributed, and cooled by means of a current of 
air induced bv a fan, and finally returned to the storage tank, from 
which it is again drawn for re-use in the condenser. 

A small portion of the water is evaporated in the tower, but the 
amount so evaporated is less than that of the condensed steam by 
which the injection water is continuously augmented in the condenser. 
The cooJing surface within the tower is made up of series of hollow 
cylindrical tiles arranged one above the other but not concentrically. 
In this way a large cooling suT-face is provided. 

The ht)t water from the condenser passes up by a pipe through the 
centre of the tower, and is sprayed over the top row of tiles by distri- 
buting pipes, which rotate around the central pipe ; the rotation being 

accomplished by the reaction 
of the jets of water issuing 
from the sides of the rotating 
pipes. 

The Edwards Air - Pump 

(Fig. 206a). — The feature of 
this air-pump is that the foot 
valves, and the bucket valves 
of the ordinary typo of air- 
pump are dispensed with, head 
valves only being retiuired. 
The condensed steam flows by 
gravity from tlie condenser into 
the base of the pump, and from 
thence it is ejected mechani- 
cally by meaiio of a solid conical 
piston descending upon the 
base, which is also conical, 
and which fits the piston when 
the piston is at tlie bottom of 
its stroke. 

Wlien the conical piston 
descends, th(‘ water is projected 
at a high velocity, silently and 
without shock, through the 
ports showui at the bottom of the w^orking barrid of the air-pump. 
The rising piston or bucket closes the ports, traps the air and w^ater, 
and discharges them through the valves at the top of the barrel. This 
pump is said to be equally successful at high and low speeds. • 



Fig. 206a. 



CHAPTER XIII. 

FEED-WATER HEATERS. 

The importrance of heating the feed-water suf)plied to boilers cannot 
be too frequently impressed, from the point of view not only of 
economy, but also of the durability of the boiler. 

The economy obtained by the use of feed-water heaters arises from 
the fact : 

(1) That the heat used for the purpose of feed heating is usually 
heat which would otherwise have been wasted : as in exhaust feed 
heaters and waste chimney-gas feed heaters. 

(2) That the evaporative power and efficiency of the boiler are 
increased when the solid matter dissolved in the feed-water has been 
first separated and deposited in the feed-heater, rather than on the 
more effective heating surface of the boiler. 

The economy obtained by using heat for feed heating which would 
otherwise be wasted, may be illustrated numerically as follows : — 

Suppose steam supplied from the boiler at 150 lbs. pressure by 
gauge. Then the total heat j)er pound from 32® = 11 03 '6 units ; or if 
the cold feed- water is at 60® F. then the net heat per pound required 

{1193*6 - (60 - 32)} = 

1165*6 thermal units with 
a cold feed-supply. 

If now the temperature 
of the feed-water is raised 
to 200®, we shall require 
from the boiler furnace, 
for each pound of water 
evaporated {1193*6 •— (200 
- 32) } = 1025*6 thermal 
units, which is a gain of 
140 

1165*6 ^ "" 12 per cent. 

The diagram (Fig. 207) 
shows the extent of the 
gain by heating feed -wa, ter. 

Thus, referring to the in- 
clined line drawn through 
a feed temperature of 40®, it is seen that by heating the feed to IGO'' 


CAIN BY feed heating 
STEAM AT too LBS. 



TEMPERATURE OF FEED 
Fig. 207. 



STEAM-ENGINE THEORY AND PRACTICE. 

the gain is over 10 per cent. ; or if it is raised to 280 the hf 
over 20 per cent. The inclined lines have been plotted from calcu- 

A good form of exhaust-steam feed-heater, as made by the ^Wheeler 
Engineering Company, is illustrated in Fig. 208. 

The exhaust steam enters the lower part of the heater, ^ssmg 
around and among the tubes, and leaves by an exit towards the top 

of the heater. The space sur- 
rounding the tubes in the heater 
is made large enough to allow a 
free passage of the steam with- 
out increasing back pressure. 

The cold feed-water passes 
through the tubes, entering at 
the bottom and passing upwards 
to the top through one half of 
the tubes, and downwards to the 
bottom through the other half. 

The tubes are screwed into 
the tube-plate at one end, and 
at the other end pass through a 
stuffing box, so that the tubes 
are free to expand independently 
of the body of the condenser.. 
The feed-water and that part of 
the heater containing it, are 
under boiler pressure, and must 
therefore be constructed of suit- 
able strength for the pur[)Ose. 
The feed- water is forced into 
the boiler by the feed pump, 
through the heater, against the 
Fig. 208. pressure of the bo Her. 

A feed- water heater may be 
of value even in condensing engines, the heater being then placed 
between th(* t‘ngino and the condenser. The gain in such a case is 
due to the fact that the temperature of the water in the hot well is 
usually much lower than that cf>rrespondmg with the pressure of 
the steam in the exhaust jiipe. For example, the water in the hot 
well may not be more than 90"^, while the temperature of the steam 
in the exhaust ])ipe may be 150'’. 

The use of the exhaust steam from auxiliary engines for* the 
purpose of feed-heating is considered good practice. 

Feed-heating by Steam from the Receiver of a Compound Engine.^ — 
It has been already })()intc(l ouf. that the maximum efficiency of a heat 
. . rp _ 

engine is expressed b}^ the (Equation — '^9 where Tj = initial 

* See an article on “Feed Water Hea'era” by Dr. A. C. EWioiL Enqineering. 
January 11 1895. » y 
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temperature of the working fluid, and Tg = the temperature <lue to the 
back pressure against the pis4>n. 

But the efficiency of the steam-engine cycle falls short of this, 
owing to the heat of the feed not being supplied at the maximum 
temperature, but along a gradually Increasing temperature line. 
The useful work done f ills short of t’j 3 Carnot cycle by the dotted 
triangle aeb (Fig. 209). 

This efficiency, however, m 'y I further approached by the 
method of abstracting heat from the working steam by stages during 
expansion, from the high-])ressure cyiinder downwards toward ^ the 
condenser, for the pur]* of beating the feed-water. The cycle then 
becomes similar to that of tLv engine of Dr. Stirling, who applied 
the regenerative principle of adding and subtracting heat to and 
from the working fluid by means of a iegenerator4 Thus, m Fig. 210, 
if, instead of exj)ansion along ct from Tj to T.^ heat is abstracted for 




the purpose of feed-heating equal in amount to the area indc^ ; then, 
if the heat, mdeg, so abstracted be transferred to the working fluid, 
and the amount transferred per pound be eijual to that required to 
raise the temperature of the 1 lb. of feed-water from T^ to T^, namely, 
fahh : then the net heat added = area hheg ; and the net heat rejected 
= area fadm — area Jistg ; 

abrd sbet T, - 

and the efficiency = = ~ fT 

• 

The system introduced by Mr. Weir of heating the feed- water by 
steam taken from the receiver between the cylinders of compound 
engines is an approximation to the same result. Thus, instead of 
the expansion being carried along the adiabatic line, cd, from c to d, 
it expands from c to e (Fig. 211) in the high-pressure cylinder, and 
then a portion of the dry steam, namely ep is extracted from 

the receiver to heat the feed- water. If an indefinite number of small 
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portions be extracted, then the irregular line, cejps, will approach 
nearer and nearer to the dotted line, c\ and the efficiency becomes 
equal to (Tj — Tg) -r- Tj. 

Taking a numerical example • Compare the efficiency of a triple-expansion engine 
with and without fcotl-heating, the feed being heated in the former case by steam 
from the receiver between the intermediate and low-pressure cylinders (Fig. 212). 

Initial absolute temperature of steam = 842® 

Temperature in exhaust-pipe To = b24° 

Temperature in receiver Rj = Tg = 740° 

Absolute temperature of air-pump delivery = 590° 

Puppose 10 per cent, of the steam be taken from receiver Rg at temperature Tg to 
heat the ford -water. 

] . Eiliciency without feed-heating : — 

To liod the value of U = the number of units of heat converted 



into work with steam working from T, and expanding down to T.,, and 
exhausting at ibat temj)erature. 

Total work done without feed-healing = II 


= (1437 - 0-7 T,)-’ ^ + (T, - T,) - TJog, 

= (847M) X 0-2589) + 218 - 187*2 
250-24 


T 

(see p. 54) 


Also, total heat-units supplied per pound of steam 

~ If — 1137 -|~ 0'3Tj from absolute zero 
- 1082 -f 0*3^ frou. 32^ Fahr. 

Or from feed-temperature 590"" absolute 

= (1437 -f 0*3Tj) — 500 — 3099 6 units 

TJ 250*24 


therefore efficiency = E 


"if ~ 1 09<V 6 


0*22819 
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2. Efficieno}^ with feed-heating : — 

If U = work done per pound working from -Tj to 
U«= »» „ „ T1I0T3 

U, = total work done 


Then, since - lb. of the steam passing tlirongli tlic engines is removed 
at T3, the total work djne per ]>oun 


w — 1, , 1 

rr Ij, ^ If + - U, 

a n " 


But ihe value of TT lias becni found, and it only now remains to 
find the value of 17,1, the process being exactly the same a.s in finding 
ITj substituting for T2 throughout; thus, to find or the work 
done per pound of steam working between the temperatures Tj 
and T., — 

U„ = (1437 - 0-7 T.)-' + (T. - T,) - T3 log, ^ 

= 847-G X 0-12114 -f 102 - 95 608 
= 109*072 heat-units. 


Total work done (U^) by the steam when - is extracted from the 
receiver; and when w = 10; then — 
n 




— ^ u + - u, 

11 w " 


= 0-9 X 250*24 -f 0*1 X 109 072 
= 236*123 heat- units. 


But the work done when no steam was withdrawn from the 
ri'ceiver was ei^ual to 250*24, and is, of course, greater than when 
{‘team was withdrawn from the receiver. Befoie, however, we can 
coiripare t})e efHci(mc*ies of the two systems we must find the net 
heat snpjjlied in each case, and for this purpose, in the latter case, 
\v(* must find the temperature (Fj) of the hot feed obtained by this 
system of feed-heating. 

Thus, if F be the temperature of the unheated feed-water, and 
14.37 + 0*3T^ = the total heat of steam when temperature is expressed 
in absolute units, we have — 

F = F ( ^ ^ ) 4- 
^ \ n / n 

= (590 X 0*9) 4 - (1680 6 - 109*072) x 0*1 
= 689-05 

Then net heat siqipUed with the hot feed from receiver = and 

Hj r= 1437 + 0*3;i\ - Fj 
= 1000*55 

We can now compare the efficiencies — 
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(1") Efficiency without hot feed = 0’22819 as already found. 

/ *1 U 236*123 

(2) Efficjienoy with hot feed = Ei = = lo60*55 ~ 

There is, therefore, a gain in favour of the system of heating the 
feed-water by steam withdrawn from the receiver in the proportion 
of 0*236 : 0 22819, or a gain of 3*4 per cent. 

The economy obtained by feed-heating may bo well seen by 
reference to the temperature-entropy diagram (Fig. 213). Thus, 

caking the data used in the 

mom TEMP, ^ ‘‘^hove problem, the diagnim 

j i-epresoiits first the heat in 

fticnvcR TEMP. 710^ ^ the feed-watcT wliich is in- 

TEMp. Of f( 0 T riED 68^^ cludod withiii the area to 

EXHAUi>T TEMP. 6 the Icft of Jia. The tem- 

HOT M'EiL TEMP. 59% ^ jieratui’e of the water from 

the hot well is given as 
590° Fahr. absolute. This 
is seen to be 34° below the 
temperature of the exhaust 
steam. It should here be 
noticed that the tempera- 
ture of the condensed steam 
passing away through the 
air-[)ump is always below 
that due to the pressure in 
~h^m~ Pf the condenser, in conse- 

jtjq 213. quence of the cooling due 

, * to the excess circulating 

water passing through the condenser. This excess is necessary, 
otherwise, the condensed steam in the condenser beitig near its 
boiling-point, the air-pump wfiuld not work. 

With the conditiop'i already described, the heat required per pound 
of steam, when the feed is drawn direct from the comienseT, is given 
by the area liacdfh. By the arrangement described of supplying 
steam from the receiver to heat the feed, the temperature} of the feed 
has 1)6611 raised, and the total heat Jiow re(|uired to generate 1 lb. 
of steam is reduced by the area limtah, making the net heat reijuired 
= miicdfm. This has been ae(;ompUshed at the expense of a loss of 
heat = vtsfv, or a loss of useful work = r/sc. The net gain has been 
shown to be 3*4 per cent. 

Feed-water Filters. — The chief objection to the use of condensed 
steam as a boiler-feed is the pres(}nc(‘ of oil carried out of the 
cylinders with the exhaust steam, and which, if pumped into the 
boilers, may cause serious troubh? tlirough deposit on the furnace 
plates. Too much (^are cannot be taken to prevent oil passing into 
the boilers, and, for the purpose of separating the oil, the feed- water 
is passed through a feed -water iilter. 

If a sample of unfiltered feed- water from ohci hot well of a surface 
condenser be drawn off, it will be seen to have a slightly milky 
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appearance, and to be soapy ^to the touch. Wl^n this water is 
passed through a good filter, the oily constituents are almost entirely 
removed.^ 

These filters consist essentially of a series of layers of filter-cloths 
and fine grid-wire meshes, through which the feed-water is either 
drawn or forced by the feed-pumps, and is there) jy cled/Dsed of 
suspended matter. * 

The filtering material meantime lieconies^g/ dually laden with a 
<;ark viscous muddy deposit, (jonsisting of heavy oils .«nd certain 
mineral matter. This leposi^ is periodicady .cniovrd from the filter 
by cleaning or renewal of the liiteriug medium. 
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Fig. 214. 

The filter, of course, removes solid matter only ; the impurities dis- 
solved in the feed-water pass forward into the boiler unless removed 
in a feed-water heater or by chemical means. The elficiency and 
duration of a filter depend upon the nature of the filtering material 
and upon the thickness or number of strata through which the feed- 
water passes. The filter should be placed at the point of lowest 
possible temperature of the feed-water, for the lower the tempera- 
ture the more viscous and the less fluid is the condition of the oily 
matter, and the more easily it is separated from the feed-water. 

1 Si'e article by Mi-. N. Sinclair, in Gassier" $ Magazine^ October, 1897, 
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Fig. 214 is a type of feed- water filter made by the Harris Filter 
Company.^ The arrangement speaks for itself. 

To reduce the amount of oil returned to the condensers from the 
onginoSj regulations have been introduced, in some cases of marine 
practicje, prohibiting the use of oil in the cylinders, not only of the 
auxiliary, but also of the main, engines ; and experience has shown 



Pig. 21.5. — C = connection from main eteam-pipc' ; D = conrlonaer; E = pipe for 
iransmittinp: proasiiro of head of water in contlcnser D to oil-chamber; G = oil- 
chanibor; H ” pluj^ valvt3 for tillin*^ oil-chamber; K — valve for reticulating 
delivery of oil; L = Bight-feed glass tube, showing delivery of oil in drops; 
M = connection to steam-chest of engiim‘, or to 8t(‘am-y)ipe, for delivering the 
oil ; N = valve for running off condensed water from oil-chamlx‘r. 

that vertical engines may be worked without any lubrication of the 
pistons except by the water in the cylinder ; but there is certainly 
a loss of efficiency in most cases, due to increased friction. 

The Sight-feed* Lubricator haw been a most valuable invention, 
as it provides foi* a regular supply of oil to the cylinder, and in 

* From Gassier' 8 Magazine^ October, 1897. 
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minimum quantities. The diagram (Fig. 215) illustrates Grandison’s 
condenser type of sight-feed lubricator. This lubricator acts by the 
pressure obtained from the head of water contained in the condenser 
D and the vertical pipe E, connecting it to the bottom of the oil- 
chamber G. When first fixed, tibe condenser and pipe are filled by 
hand, or allowed to fill by the condensation of steam admitted by the 
pipe C attached to top of the tube. The oil-cham^^er is filled witb 
oil through the plug valve H, and the sjght-tube L is filled with 
.ater. The valves F and K at the bottom of the condenser-tube 
and sight-tube respectively are* then opened, the condensed water 
enters the bottom of the oil-chamber, and by its pressure displaces 
the oil, which flows fr©m the top down the small centre tube, and is 
forcved through the nozzle inside the glass t\ibe L. The oil leaves 
the nozzle in drops, and ascends through the water in the tube, and 
thence through the pipe to the steam-chest of the engine. The 
rate of feed or number of drops is regulated by the valve K at the 
bottom. When the oil is exhausted, it is replenished by first closing 
the inlet and outlet valves, removing the plug valve H, and running 
the condensed water off by the small valve, N, at the bottom. This 
valve is then closed, and the chamber refilled with oil 



CHAPTER XIV. 

GOVERNORS. 


Regulation of the Speed of the Engine— Variation in speed of an 
eugioo may be due to variation of load on the engine, or to variation 
of mefiri presmr’e of the steam in the cylinder. When the variation 
is of the nature of a gradual increase or decrease of speed extending 
over a number of revolutions, such variation is controlled by the 
governor. When, however, the speed of rotation tends to vary 
during the period of a si/igle revoJutiofi, due to variable turning 
effort on tlie crank -pin, or to sudden change of load, as in a rolling 
mill, such variation is regulated by the flywheel. 

The object of the governor is to maintain as iiearly as possible a 
uniform speed of rotation of the engine independently of change of 
load and of boiler-pressure. 

None of the governors applied to steam-engines are able to accom' 
plish this result perfectly, for, being themselves driv<?n by the engine, 
they cannot begin to act until a change of velocity has first occurred 
to give motion to the regulating mechanism. 

In practice, however, when any change of velocity does take place, 

a good governor instantly acts and 
^ prevents anything more than a small 
alteration of speed. 

Governors regulate the speed by 
regulating the mean pressure of the 
steam acting on the piston. This is 
usually done in one of two ways — 

/j 1 . By throttling ; that is, by vary- 
ing the initial pressure of the steam 
supplied, the point of cut-off remain- 
ing cofistant. 

iJ. By variable expansion ; that is, 
by varying the point of cut-off in the 
cylinder, the initial pressure reriiain- 
ing constant. 

The principle of action of most 
governors depends upon the change 
Bio. 21 G. of centrifugal force when the rate of 

rotation changes. 

In the case of a simple revolving pendulum, let W = weight of 




and F centrifugal force due to speed of rotation, A « height: 
^ cone of revolution, and r = radius of rotation of ball. Then, 
if the speed of rotation i^ constant, the ball remains at a constant 
distance, r, from the axis of rotation by the action of the centri- 
fugal force F. The measure of the force necessary to maintain the 
ball at this constant distance, r, may be shown by means of a weight, 
F, hanging over a pulley, as shown (Fig. 216). Then, taking momenta 
about A — 

F X ^ = W X 

Ro that, knowing the values of \\\ r, and h for any given governor, 
and neglecting friction, F can at <>nce be found by calculation. 

Fig. 217 illustrates a simple type of pendulum-governor, the action 
of which, as will be seen by the figure, is, by the rotation of the 
balls, to cause a movement of the sliding- 
sleeve E upwards or downwards on the 
spindle, and thus give motion to the 
bell-crank lever C, which, in this case, 
regulates the opening and closing of the 
valve through .which the steam is sup- 
plied to the engine. 

Suppose a governor of tlie kind de- 
scribed is supplied for the purpose of 
attachment to an engine. There are, in 
the first place, at least two important 
points to be determined — 

1. At what speed must the governor 
be made to run. This information is 
nc^edod in settling' the sizes of the pulleys 
or wheels by which the governor is driven 
from the engine-shaft. 

2. Through what range of speed will 
the governor run during the movement 
of the sleeve from its bottom to its top 
position. This must be known, because 
for any other speeds outside this range 
the governor may rotate on its axis, but 
it will in no sense be a governor, and will 
serve no purpose whatever. 

A certain speed of rotation must be reached before the balls move 
from their position of rest. When this speed is reached, the governor 
begi^is to act. 

If, when the speed increases, the governor reaches its top position, 
and in doing so does not close the steam-supply to the engine, then the 
speed may go on increasing, but the governor is no longer acting as a 
governor. It acts as a governor only between the range of speed that 
belongs to it while moving from its bottom to its top position. 

Let Fig. 218 represent the configuration of the governor when in its 
bottom and top positions respectively. 
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Then F x ^ = W X r 

r=.W5 

and ¥ is therefore known for both positions, r and * 

Sned by measurement, and W being the we^ht of one ball (omitting 
for simplicity the weight of the arms). Or ¥ may be determined by 

**Having*fo^n?”F, we have now to find the speed of rotation which 

will generate a centrifugal force equal 
to F. 

It is shown in works on theoretical 
mechanics that centrifugal force — 



mv^ Wr’ 
^ “ r ~ (jr 

and w = 27 r\/ 


4-7r‘^W“VW 

iJ 

h 
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where n = revolutions of the governor 
per second, and r = radius of rotation 
in feet. 

This may be conveniently written — 

F = X 0*00034 

where TST = revolutions per minute ; r = 
radius in feet. 

We may now tind the speed N of the 
governor for the two positions shown in the sketch, Fig. 218. 

1. Suppose W = 5 lbs., and taking first th(3 lov(3st position of the 
governor balls, and linding the values of r and h by measurement — 

F X /i = W X r 
F X 13*5 = 5x6 

I = 2-22 11)8. 

Tlien W- = 2-22 -f- (3 X 0*5 X 0*00034) = 2G14 
N = 51 revolutions per minute 

2. To find the speed in the upper position — 

F X = W X r 

F X 10*5 = 5 X lO-f) 

F = 5 

W= 5-^ (5 X *.^75 X 0*00034) = 3361 
N = 58 revolutions per minute 


Here the range of speed of the governor is from 51 revolutions per 
minute in 'ts bottom position to 58 revolutions in its top position. 
The effect of friction in the working parts of the governor will be 
referred to later. 

Height of Cone of Revolution. — Thf. r(‘lation between the height 
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Ji of the cone of revolution (Fig. 219) and the speed of the gevemoi* 
is obtained from the following equation : — 


Fxh=: 
siiice F = 


Wxr 


qr 

Wr 

~ X ^ = W X r 
0^ 



Bat V - 27 rn 


60 


vvhere n = revolutions per second, and N = revolutions per minute ; 
gr gr^ X 60 X 60 x 12 35200 . 

~ 7- " 47r^rW ' ' " “N^ 


If the value of h for a simple pendulum governor be calculated 
for ditferent speeds, it will be found that while the change of height, 



li, for a change of speed may be comparatively large when the speed 
of the governor is low, when the speed is increased the change of 
height for a change of speed becomes so small as to be of no practical 
value. 

TEftis, for a change of speed from 51 to 58 revolutions we have seen 
there is a change of height of 3 in., which gives a movement of the 
sleeve of the governor sufficient to suitably open or close the throttle- 
valve by means of levers ; but when the speed is increased to 200 
revolutions, the height h = 35,200 -4- (200 x 200) = 0-88 in. ; and 
for a speed of 300 revolutions, h = 35,200 -4- (300 X 300) = 0*39 in.; 
that is, a change of height of 0-88 — 0*39 = 0*49 in., or about ^ in. is all 
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the movement of the sleeve which can be obtained for a change of 
speed from 200 to 300 revolutions. This, of course, renders such an 
useless for the purpose of governing at high speeds, 
of li may be written — 



where u> == ^ = angular velocity in radians, 

and oj - radians per second 


afrangement 
I The vj lue 


where N = revolutions of the governor per minute. 

Thus, if the revolutions of a simple AYatt governor are 120 per 
minute — 


I 


32-2 

/ 27rN \ 2 

\ Tu) ) 


= 0-204 ft. =r 2-448 in. 


The height h varies inversely as the square of the revolutions 



only, and does not depend upon weight 
of ball or length of arm ; thus the 
height 1i will be constant at a con- 
stant speed for either of the governors 
A, B, or C (Fig. 220). 

Loaded Governors.— It has been 
seen that the simple pendulum gover- 
nor is unsuitable for high speeds, 
because the diderence of height — I 12 


Fig. 2-20. for a given change of speed, rapidly 

becomes too small, as the speed of 
rotation increases, to be of practical service in giving motion to the 
steam-regulating mechanism. 


If now a weight be added which increases the load on the governor, 
but does not increase the centrifugal force, then a large movement 
of the sleeve may b(i obtained with a high speed of rotation, and at 
the same time a much more powerful type of governor is obtained 
than when no central weight is used. 


A loadetl governor running at a high speed may be constructed 
with compai'atively small rotating weights, because the centrifugal 
force increases as the S(|uare of the number of riwolutioiis .and only 
directly .as the weight of the balls, and the centrifugal force there- 
fore rapidly increases with the speed. • 

hig. 221 is a drawing of a model of a Porter governor with which 
many useful experiments may bo made, and which serves to illustrate 
the principles involved in governor design, including the values of 
F for varying positions of the balls, and for varying weights on the 
sleeve, from which the cori-esponding speed may be calculated. 

In a Porter governor as illustrated by Fig. 222, it will be seen that 
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the load on that>leeve does not itself add anything to the centrifugal 
force, though it necessitates the generation of a large centrifugal force 
in the rotating balls before the load on the sleeve can be moved. 



If a load had been put on the bails as in Fig. 223, then the vertical 
movement of the balls and the sleeve would be equal, but in Fig. 222 
the vertical movement of the central load is twice that of the ball. 




Let K = the velocity ratio of the vertical movement of the load L to 
the vertical movement of the ball W. 

Then the moment FA of the centrifugal force of the rotating ball 
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has to balance the moment, not only of its own weight (Wr), but also 
its share of the central load. Thus, referring to Fig. 223, if the 
central load were attached to the governor as shown, then each 

weight W would carry half L, and the value of F = v ^ 2 / A* 

But since in the Porter governor the central load is moved through 
a vertical distance = K times that moved through by W, then, by 
the principle of virtual vrelocities — 

r=(w + K^)J 


But in practice it is usual to make K = 2 ; 

then F = (W + 

But F also = - , where W = weight of one ball ; from which 

wo have — 

u = A revolutions per second 

2n V W/t 


Comparing the value of n here given for the loaded govoi'uor with 
the value of n given for the simple governor, we have the ratio — 


_1_ /(w'-f L)!7 . 1 /? 

27rV ■ W7i_ ■ -’rV h 
or as a/W -f L : v^ W 


The equivalent value of h in feet for a loaded governor, where the 
central load L double the vertical movemenl of the ball, may 
also be written thus : 


h ^ 


W 4-_B 

vv 

W -f L 
W 


X 


(f 

O)" 


X 


(J 



These same results, and 



F of the ball increases, 


many oth(T useful facts connected with 
governors, may be shown graphically, as 
will now 1)0 explained. Let the triangle 
(the, Fig. 224, represent the triangle of 
ior(‘os acting at the centre of the ball of 
the governor when the governor is at i^est ; 
ah = weight of ball ; he =: horizontal pres- 
sure of ball against point of rest as shown ; 
and ae = tension in arm, all to the same 
scale representing pounds. 

When the governor begins to rotate and 
to inci'ea.se in speed, the centrifugal force 
gradually reducing the amount of the 
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horizontal pressure of the ball against' the ix)int of rest until the two 
are equal, after which any further increase of speed will cause the 
ball to move outwards along the ard cd, say to d. Then ade is the 
triangle of forces in the new position of the arm, Hnd ae = weight of 
ball to a new scale. \Jsing, however, the same scale as before, then 
ah is still the weight, and hf to the same scjil^ F If ao and ad are 
the two extreme positions of the governor arm, then the speed corre- 
sponding to these positions can be calculated from the values of F, 
given respectively by he and hf to the scale of pounds ; and, taking 
for r the values he and de to a scale of feet — 

F = WrN2 X 0*00034 

In Fig. 225, let ah - weight of one ball, and hd to the same scale 
= weight of central load L on sleeve, as in the Porter governor. 
The whole value of L is 


taken, and not half L, for rea- 
sons explained above. Then, 
when the speed of the gover- 
nor generates a centrifugal 
force — if there were no 
central load, the governor 
ball is just about to rise, and 
to make an angle greater 
than cah with the spindle ah. 
But, with the central load L 
and the speed as before, the 
c(*ntrifugul force he = df; the 
effect is equivalent to the 
arm ac lying in position af. 
Produce ac to meet de in e. 
Then dc is the centrifugal 
force which must be obtained 
fi’orn the rotating ball before 
the governor will begin to 
move from its position of 
rest, df being the centrifugal 
force to balance the weight 
of the ball, and fe to balance 
the central load. 



If ag be the position of Fig. 225. 

the outei’ limit of the arm, 

and, if aj be continued to m, then dm, measured from the diagram 
to th?> same scale of pounds as ah, is the centrifugal force necessary to 
place the governor arm in this position, and the range of speed of 
the governor may be calculated, knowing the values of F in pounds, 
namely, do and dm for the respective positions of the arm. 

In Fig. 225, ch = F^, and ed = F^, these being respectively the 
centrifugal force without and with central load when the ball arm 
makes the angle cah with the spindle. But F varies as the square of 
the speed (N) ; then — 
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and ch : ed : : ah • ad 
Nr: W : W+.L 

Ni :No:: : /W + L 

Similarly, kb = and md -= F4, these being respectively the 
centrifugal force without and with a central load, when the ball- arm 
makes an angle gab with the central spindle. 

From the values of F so obtained, the values of N call be deter- 
mined for any proportions of weight to central load. 

If the central load be increased or diminished by an amount = w, 
then the change of speed N^ to Ng for a given position of the governor 
. arm is obtained from the ratio — 


Ni : N2 : : V W + h: ^ w'+ h I'w 

Sensitiveness. — The sensitiveness of a governor may be defined as 
the ratio of variation of speed Wj — Wo to mean speed w, where 
and ^2 are the range of speed permitted by the governor, and the 

sensitiveness per cent, = X 100. 

n 

Taking this definition of sensitiveness, an<l neglecting the eflect 
of the friction of the governor, and the working pai’ts (.‘onnected with 
it, it will be found that the addition of a central load has theoreti- 
cally no eflect upon the s0nsiti\'(^ness of a governor, though since, in 
practice, the friction of the governor and its gear may he considerable, 
the sensitiveness of the loaded governor is actually much greater 
than that of the unloaded one. 

Thus, if the range of speed of a governor of the Porter type, but 
unloaded, be from 60 to 70 revolutions, then, if a central weight 
= 8 times the weight of one ball be added to the central spindle, we 
have, for the speed of the governor in the lowest position — 


N, : N2 : /W : V W + L 
60 : N., : VI : VO 
or N2 = 180 revolutions 
and for the highest position of the ball— 

70 : Na Vl : V9 
or N2 = 210 revolutions 

That is, with the unloaded governor tne sle<‘ve moved through its 
full movement between the speeds of 60 and 70 revolutions, while 
the loaded governor gave the- same movement of the sleeve between 
the speeds of 180 and 210 revolutions. 

Applying now the above formula, we have — 


( 1 ) 

( 2 ) 


70 - 60 , 


1 00 = 1 5‘38 per cent 

210 - 180- 
195 

That is, the sensitiveness is the same in both cases when friction ; 


-100 = 15*38 per cent. 
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omitted. But when friction is incl^^dui, the loa<led governor is the 
more sensitive type, because the friction is n Waller proportion of 
the total forces acting on the governor when loaded than f when 
unloaded. . 

About 2 per cent, variation of speed of the engide is the practical 
limit of variation with good governors. A less percentage than this 
requires a very large flywheel. ' \ 

Diagram of Forces for the Porter Governor.— Fig. 226 shows 
a Porter governor with another form of th« diagram of forces drawn 
tor the two limiting positions of the balls. The object is to find the 



centrifugal force F at these two positions, and to find therefrom the 
maximum and minimum speed of the governor. 

In the example taken, the weight W of each ball is 3 lbs. ; the 
central load L is 40 lbs, ; in the lowest position the radius r 

^ — — ft., and in the highest position r = ft. 

1 2 12 

lit order that the system of forces acting on the lever BD joining 
the ball and sleeve may be in equilibrium in any position of the 
.governor, the resultant of the forces acting upon it must pass 
thrdugh its virtual or instantaneous centre of rotation. 

Produce the lines AB and ED to meet in O. Then O is the instan- 
taneous centre, and the resultant of the weights and centrifugal force 
acting on this side of the governor must pass through the point 0. 




P 
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The vortical resultant = W + and this force RG is set down 

I to any ccmvenient scale from the Horizontal line through B. The 
position of this resultant of the vertical forces is obtained by dividing 

the horizontal distance be- 
tween the verticals through 
B and D in the propor- 
tion of the weights acting 
through B and 1). In the 
present ease BR = -1^ of 
the horizontal distance. 

The centrifugal force is 
horizontal, and may be 
taken as acting through the 
centre of the ball B. The 
resultant of the centrifugal 
and viu’tical forces must 
act through O. Join RO ; 
and from (i, the (*xtremity of the vertical resultant draw a horizontal 
to me(^t RG or RG produced in K. Then GK is th(^ centrifugal force 
r(^({uii‘ed in ])ounds to tht' sanu’! scale as the scal{‘ of wc'ight in RG. 
From this th(^ number of revolutions requirc^d to balance the governor 
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Fig. 227 . 


in this position ma}' be at once calcnlatiMl as biToie, 

A similar process is adopted for the oth(T })osition of the governor 
sh(ovn. The (umtrifugal force is again det(‘rmined, and the speed 
obtained. 

Thus the ranges of speed of the govin-nor is known. 

In the present example, in the lower position, the force F = 27*2 
and the revolutions N — 2G0 ; in the higher position, F = 42 ’3 and 
N = 290. Th(^ same n'sult is shown by drawing tlu^ vertical line of 
Fig. 227 to the scale of weights, namely, W = 3 lbs. and L = 40 lbs., 
and drawing lines from the apex parallel to th(‘ arms of the governor ; 
then the horizontal line completing the liguro for any required 
angularity of arm gives tlu^ value of F when nu'asured with the same 
scale as the line of weights. 

Stability of the Governor. A governor is said to be stable or static 
when it maintains a deliiiite jiosition of equilibrium at a given speed ; 
it is said to be uvsiahle or asiafic when at a given speed it assumes 
indiderently any ])osiiu)ii throughout its range of movenxint. The 
condition of stabilit.y is that F must inc.reast^ more rapidly than r 
when the ball moves outwards. 

If F increases or decix^ases proportionally as r increases or decreases, 
then the speed n is constant for all positions of the ball. 

In the diagram (Fig. 228) tjie governor ball is shown in three 
different positions, with radii de, fb, and glc. respectively. If ah be 
the common scale of W, the weight of tlie ball, then the triangles 
ach, afh, and aib are resjiectively the triangles of forces, and ch, fh, 
and ih respectively are the centrifugal forces for the positions d, /, 
and g of the balls. 
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In Fig. 229, if the governor arm ’s^^re made to slide in the cap at 
a, then the centrifugal force F would vary as the radius r, and the 



Fig. *228. Fig. 220. 


lengths de, ce, and hr respectively represent both the radius r and the 
centrifugal force F. 

To compare these two cases, Figs. 228 and 229, by plotting the 
results and superposing thorn, let Fig. 230 be constructed, making 
the ordinates = F and the abscissa^, = r. 

We shall then have for Fig. 229 the 
lim^ joining the intersections of F and r 
a straight line, namely, OS. But for 
Fig. 228 we notice that the values of 
F and r when plotted do not coincide 
with the straight line. Thus, for the 
position / of the ball (Fig. 228), fb = 

F" = r ; but for position d of the ball, 
dc, the radius, is less than ch, the centri- p 
fugal force ; also glc, the radius, is o 
greater than ih, the centrifugal force. T 

Let or^ (Fig. 230) = radius de (Fig. Fig. 230. 

228), and let r./‘ (Fig. 230) = centri- 
fugal force ch (Fig. 228), and so on for the other points. Then the 
line joining the respective intersections will be a curve of the form cjg. 

The relation which the curve cfg bears to the straight line oS, 
drawn from the origin o is important. Thus, since the values of 
F for the curve cfg increase more rapidly than the values of r, the 
curve is steeper than the straight line oS, in wliich F varies as r. 

The angle made by a tangent to the curve cfg at /, with a line (of) 
joining the point of contact / to the origin o, is a measure of the 
stability of the governor. 

If the curve cfg coincide with the line oS, then the governor 
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The vertical resultant = W + - , and this force RG is set down 

I to any convenient scale from the horizontal line through B. The 
position of this resultant of the vertical forces is obtained by dividing 

the horizontal distance be- 
tween the verticals through 
B and D in the propor- 
tion of the weights acting 
through B and D. In the 
present case BR = ~ of 
the horizontal distance. 

The centrifugal force is 
horizontal, and may be 
taken as acting through the 
centre of the ball B. The 
resultant of the centrifugal 
and vertical forces must 
act through O. Join RO ; 
and from («, the extremity of th(^ vertical resultant draw a horizontal 
to meet RO or RO produc(‘(l in K. Them GK is the centrifugal force 
re(|uired in ])ounds to the sana? scale as the scak^ of weight in RG. 
From this th<^ numlxT of revolutions r(Hpiii*(‘d to balaiUHi th(> governor 
in this position may be at once calculat(xl as b(‘forc, 

A similar process is adopted for the otlu'r j)osition of tlit^ governor 
shown. The c(mtrifugal forex> is again d(‘termined, and the spc'cd 
obtained. 

Thus th(' range of speed of the governor is known. 

In the present example, in the lower })osition, the force F = 27’2 
and the revolutions N = 260 ; in the higher position, F = 42*3 and 
N = 290. The same result is shown by drawing the vertical line of 
Fig. 227 to the scale of weights, namely, W = 3 lbs. and L = 40 lbs., 
and drawing lines from the apex parallel to the arms of the goveimor ; 
then the horizontal line completing the figure for any required 
angularity of arm gives the valuti of F when mc'asured with the same 
scale as the line of weights. 

Stability of the Governor.— A governor is said to be atahle or stotir 
when it maintains a definite position of equilibrium at a given speed ; 
it is said to bi^ unstahle or astatic when at a given speed it assumes 
indifferently any position througiK>ut its range of moveuKmt. The 
Cf>ndition of stability is that F must in(;reas(^ more rapidly than r 
wh^m the ball mov es outwards. 

If F increases or deci-eases proportionally as r increases or decreases, 
then the speed n is constant for all positions of the ball. 

In the diagram (Fig. 228) tlm governor ball is shown in three 
different positions, with radii de, fh, and glc respectively. If ah be 
the common scale of W, the weight of the ball, then the triangles 
ach, afb^ and aih are respectively the triangles of forcfjs, and c6, /?>, 
and ib respectively are the centrifugal forces for the positions d, /, 
and g of the balls. 
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In Fig. 229, if the governor armf\\fere made to slide in the cap at 
a, then the centrifugal force F would vary as the radius r, and the 



lengths do, ce, and he respectively represent l)oth the radius r and the 
centrifugal force F. 

To compare these two cases, Figs. 22<S and 229, by plotting the 
results and superposing them, let Fig. 230 be constructed, making 
the ordinates = F and the abscissae = r. 

We shall then have for Fig. 229 the 
lin(^ joining the intersections of F and r 
a straight line, namely, OS. But for 
Fig. 228 we notice that the values of 
F and r when plotted do not coincide 
with the straight line. Thus, for the 
position / of the ball (Fig. 228), fb = 

F = r ; but for position d of the ball, 
dcj the radius, is less than ch, the centrb p 
fugai force ; also gJt^ the radius, is o 
greater than ih^ the centrifugal force. T ^ 

Let or^ (Fig. ,230) = radius de (Fig. Fig. 230. 

228), and let r,c (Fig. 230) = centri- 
fugal force ch (Fig. 228), and so on for the other points. Then the 
line joining the respective intersections will be a curve of the form cfg. 

The relation which the curve cfg bears to the straight line oS, 
drawn from the origin o is important. Thus, since the values of 
F for the curve cfg increase more rapidly than the values of r, the 
curve is steeper than the straight line o8, in which F varies as r. 

The angle made by a tangent to the curve cfg at /, with a line (of) 
joining the point of contact / to the origin o, is a measure of the 
stability of the governor. 

If the curve cfg coincide with the line oS, then the governor 
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would be in neutral equilibrium. If the curve crossed the line oS 
in the other direction — that is, if the tangent to the curve made a 
less angle with the horizontal than the line joined to the origin o, 
then the governor would be in unstable equilibrium. 

Power of a &OVernor. — The power of a governor is measured by 
the work done by the governor in lifting through its full range of 
movement, and it is equal to the mean centrifugal force exerted 
multiplied by the range ^2 — in feet through which the force acts in 
moving the governor through its full range. 

The power of a governor, and the effect upon the power of 
additional loading, can be well seen by plotting a curve with F for 
ordinates and r for abscissje. 

Such a curve can be plotted for an actual governor, or it may be 
constructed from data obtained from an outline sketch. 

Let rj, fa, etc. (Fig. 231) be the j)ath of the ball of a Porter 
governor. Let W = weight of one ball and L = central load. First 



suppose the governor un- 
loaded ; that is, L = 0, and 
draw a curve ah (Fig. 232), 
by plotting the respective 
valuers of F and r. 

The value of F in pounds 

V 

~ 2W,- which includes the 



Fid. 232. 


effect of the two balls ; and r* is drawn to a convenient scale of 
decimal parts of a foot. 

Next draw a curve cd, which is obtained by including the effect 
of the central load. Here F = 2(W + L)^. 

It is usual to estimate the centrifugal force F of one ball only when 
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considering questions of speed and rotation, lift of sleeve, and so on ; 
l)ut double the value of F must be taken for the effect of the two balls 
when considering the power of the governor. 

The area r-^ahr^ shows the work done by an ujilv»aded governor in 
moving through its full range. 

The area r^edr^ represents the work dobfe by a loaded governor in 
moving through the same range. 

The increase of power by increase of central load is thus very clearly 
;een. 

Friction of a Governor. — Hitherto the effect of friction on the 
governor has been ne^ected, and its movements have been considered 
to be i>erfect]y free from any disturbing effects. But in practice, if 
F = the centrifugal force which would cause 
the governor to rise if there were no friction, 
a further force f is necessary before any rise 
of the governor actually occurs in order to 
overcome the friction of the moving parts, 
and therefore a certain range of speed takes 
place due to the respective centrifugal forces 
F and F -f- /, but without any corresponding 
rise of the governor. 

Similarly, in the downward direction, the 
speed of the governor may change accom- 
])anied by a corresponding change of force 
from F to F — /, but without any change of 
position of the governor owing to the resist- 
an(;e due to friction. 

The amount of the friction, or, in other 
vords, of the upward pull, due to a change 
r>f speed of the governor, but without a corresponding rise of the ^leeve, 
may be determined either graphically or numerically as follows. 

In Fig. 233, if the angle aoh is the configuration of the governor 
arm, dh = F, cd = F + /? cK = /. The problem is to find w, which is 
the i*esistance due to friction when the speed rises from N, namely, that 
due to F, to Ni, namely, that due to F + f- 

Then ah cd : : F : F + / 
and F F + / : : 

W iW + w 

Nr -■ _ (W + I/;) - W _ ^ 

W ~W 

• / N 2 ^ 

/. = W ) for one ball 

= 2W f — ) for two balls 

Example. — Find the pull on the governor sleeve when the governor 
ball weighs 5 lbs , and the speed changes from 100 to 120 revolutions 
without any lift of the sleeve. 
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w? = 2 X 5 


120 "- 


100 ‘^ 


= 4*4 lbs. 


The eli'ect of friction in increasing the total range of speed of the 
governor may be well shown by the diagram first proposed by ^r. 
Hartnell. 

Ill the Fig. (234) for any governor, neglecting friction, the curve ah 
i% drawn so that any vertical (jrdinate = F at radius r. 



234 . 

Take any point r on this curv(^ ; th(ni the (‘ontrifugal force nc = F, 
and the radius or.^ being known, the speed at c can be found from — 

W 

F = 4;rVr ■ 

u 

But when F varies as r, n is constant; and or is a line of constant 
speed of rot.'ition. Also the liin's drawn from o to a and from o to h 
are lines of constant sj)eed of rotation, and tlicy rt'present the range 
of speed of the governor in moving through its extrenu', positions 
or, tj er.^, when friction is neglect(‘d. If now friction lines be added, 
(jf lieing drawn = F + / for each position y-jr.,, etc., when the ball^i are 
moved outwjirds, and de is drawn = F — / when the balls are moved 
inwards, the total range of speixl of the governor is now giv('n by the 
liiK's () l and of, which, it will be seen, is lumdi greater tlian before. 

If oR be taken = 1 ft. to scal(% then a scale of speeds may be drawn 
on the vertical liiu^ RS by calculating the value of F for c(‘rtain 
speeds as 100, 120, 140, etc,, and setting up tlu^ valu(‘s of F found on 
the line RS, and joining to the point (). These points are then 
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marked with the number corresponding to the revolutions used in 
calculating P. 

Isoehronism. — When a governor is so designed that the height h of 
the ‘cone of revolution of the balls is constant fot all positions of the 
ballis (see Fig. 229), then the speed n is -constant throughout the full 
range of movement of the goveinoi*, neglecting friction. The governor 
is then said to be imchronoua^ that is, it runs at equal speed in all 
positions. 

In such a case F varies directly as r, for- '- 

W 

F = iM'— 

. ^ 

and all the factors but F and r are constant. 

Referring to Figs. 230 or 234, it will be seen that the curve of such 
a governor is a straight line radiating from the origin 0 , and it will 
be evident that such a governor will be in neutral ecjuilibrium ; also 
that it does not obey the conditioii of stability, namely, that F must 
increase more quickly than r as the governor rises. 

Such a governor would be too sensitive, for the engine driving the 
governor would first increase in speed until it reached the speed due 
to the governor, after which the slightest increase would cause the 
balls to lly to the extreme position and the governor to cut off steam. 
The engine would then slow down, when the balls would suddenly 
fall to the other extreme position, and the steam-supply be opened 
wide. This effect of continual fluctuation above and below the mean 
sp(*(Hl is called “hunting.’'^ In practice it is somewhat reduced by 
the friction always present in a goveimor gear, and it may be further 
reduced by the addition of a dash-pot or by means of a spring, which 
is aj'ranged to cause F to incr ease somewhat more qrrickly than r. 

If the governor balls move 
in a parabolic path, then 
they fulfil the condition of 
isoehronism, namely, that h 
is constant. 

Thus, it is a proper-ty of 
the parabola (Fig. 235) that 


Fig. 23 . 5 . Fig. 230 . 

the subnormal ah = li is constant for all positions of the weight W on 
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tjje pambolic curve XY, so that if W move in a parabolic path, the 
feight h will be constant. 

I An approximate equivalent to this is obtained by the use of the 
crossed-arm governor ; and by suitably choosing the points of sus- 
pension a, a of the arms, as in Head’s governor, Fig. 236. 

If the points are chosen so that h is approximately constant, then 
the gov^ernor is in neutral equilibrium. If, however, the points a, a 
are taken nearer the axis than in the previous case, then the equi- 
librium is stable ; but if further away from the axis than in the first 
case, instead of nearer to it, then the equilibrium becomes unstable — 
that is, the height h of the cone of revolution becomes greater, and 
not less, as the speed increases. 

Bpring governors can be made isochronous, if desired, by so adjust- 
ing the spring that the initial compression in the spring bears the 
same ratio to the total compression that the minimum radius of the 

balls bears to the maximum 
radius. The spring is usu- 
ally made a little stronger 
than this to give stability 
to the governor. This point 
is referred to later. 

Fig. 237 is a drawing of 
a Hartnell automatic vari- 
able expansion governor for 
regulating the travel of an 
expansion valve working 
on the back of a main 
slide valve, the travel being 
regulated by the movement 
of the lever A in the slotted 
link B. As the speed in- 
creases the governor I’aises 
the position of the lever A, 
and the travel of the valve 
is thereby reduced. This 
governor is capable of very 
close regulation, and when 
the speed exceeds a given 
number of revolutions, the 
steam supply may be en- 
tirely cut off. 

The Proell Qovern8r. — 

Fig. 238 consists of two in- 
verted ball-arms which are 
Fig. 237. suspended by the curved 

bell crank levers LL from 
the pins CC. The centrifugal force of the balls is counteracted by a 
powerful spring S, which takes the plfitce of a weight. 

On the engine reaching a certain speed, which is determined by 
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the initial compression in the sprini",'' the balls move outwards, and 
the sleeve rises from its bottom position, as shown in the figure, 
towards the highest 
position, shown dotted. 

The points AA, at 
which the ball-arms 
are pivoted, are chosen 
outside the centre lines 
of the arms, and in 
such a position that 
the centres of the balls 
as they open movd" 
very nearly in a hori 
zontal plane. This go- 
vernor may thus be 
made as nearly iso- 
chronous as desired by 
making the centrifugal 
force of the balls in- 
crease or decrease in 
the same ratio as the 
compression of the 
spring. 

The figure also shows 
the mode of application 
of an^ auxiliary spring 
E to vary the speed of 
the engine while run- 
ning. The spring rests 
in a sleeve, F, which is 
j)i voted in a bracket 
at K. The point P at 
the upper end of the Fig. 238 . 

auxiliary spring is 

made to move as reciuired along the groove shown in the lever QR 
by means of the screw W ; the effect of the movement of P in the 
groove in the direction towards the centre of the governor is to 
further compress the spring E, as well as to increase the leverage of 
the spring about the centre II, and thus to assist the outward move- 
ment of the balls and reduce the speed at which the governor begins 
to act. 

• Ftg. 239 is a sectional drawing of the well-known ‘‘ Pickering 
governor, fitted also with a stop-valve A in the same casting as the 
valve of the governor. In the Pickering governor, the ordinary arms 
are replaced by flexible sheet-steel strips, to which the balls are 
attached, and which bend outwards by the outward tendency of the 
balls as the speed increases. This bending of the strips causes 

the upper cap on the top of the spindle to press the spindle down- 
wards, and to tend to close the steam-passages by the equilibrium 
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valve V at the bottom of the spindle. The speed at which the 
governor may be made to act is regulated by a spring S, which is 



equivalent to regulating the load on the spindle, the spring actuating 
a forked lever resisting the downward movement of the valve spindle. 

The Shaft Governor. — To secure regulation of the speed by auto- 
matic cut-off in quick revolution engines, and to obtain a governor 

sufficiently powerful for the 
purpose, it is usual to use 
what is known as the shaft 
f^overvor. The construction 
of this type of governor will 
be understood from the dia- 
grams which follow. ,The 
mechanism of the governor 
is usually arranged to work 
in a pulley keyed to the 
engine crank-shaft, and it 
thus rotates at the same speed as the shaft. Thc^ movement of the 
parts of the governor depends, as usual, upon the (*hange of centri- 
fugal force of rotating weights on change of spt ed of the engine. 
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There are many different desiguR for transferring the movement of 
the balls to the valve gear for the purpose of regulating the cut-off ; 
but a simple form consists of an arrangement as shown in Fig. 
240, where A is the eccentric from which the slide-valve of the 
engine is worked. The governing of the engine is done by varying 
the position of the eccentric centre relatively to the centre of the 
shaft, and thus varying the travel of the slide-valve. 

The eccentric is slotted as shown, so as to permit of a radial 
movement of the eccentric arm about some coavenient centre C, the 



Fig. 241. 


clfect of which is to give the required change of position of the 
centre of the eccentric disc i-elatively to that of the crank-shaft. 

In Fig. 241, which is an outline sketch of. a shaft governor, the 
rotating wheel D is keyed to the engine shaft, and the weights E, E 
are pivoted to the wheel at F, F. The weight levers are connected to 
the eccentric arm at G,* and when the speed increases, the weights 
move outwards about the centres F, F by centrifugal force, and cause 
the eccentric disc to move across the shaft by means of the level’s as 
shown. The springs resist the outward movement of the balls, and by 
means of the springs the speed at which the governor acts is TC'gulated. 

The effect of the movement of the eccentric disc across the shaft is 
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similar to that which happens in an ordinary Stephenson link motion, 
when the link is moved from the end to the middle position, and 
which has already been described in connection with the link motion. 
But the subject may here be considered a little further. 

In an automatic cut-off gear arranged to vary the travel ot the 
v-alve by an adjustable eccentric, when the path of the eccentric 
centre is a straight lino at right angles to the crank, as in Fig. 24 , 
the lead ed is constant for all positions a, h, c, or d of the eccentric, 
where circle of radius oa is the maximum travel circle, and oe is t e 
radius of the lap circle. 

When the path of the eccentric centre is on an arc ad, concave 
towards the crank-shaft centre, as in Fig. 243, then the lead increases 


Fio. 242. ’ Fig. 243. 

as the eccentric moves nearer to d in the arc ad ; that is, the lead is 
greatest at the minimum loads. 

When the arc ad is convex towards the crank-shaft centre, as in 
Fig. 244, then the lead ef is a maximum at full load, and decreases 
to'ed, a minimum, at the light Moads. In this case the lead may be 

reduced to zero, or a minus quantity at 
mid-position. The arc of movement of 
the eccentric centre depends upon the 
point of suspemsion of the eccentric 
arm of the governor. 

(Generally speaking, the condition of 
constant h‘ad, as in Fig. 242, would be 
preferred, but each type has its own 
special advantages. 

Fig. 243 represents the conditions 
Fig. 244. which obtain in most ordinary link- 

motion engines, where the lead is 
greatest at light loads, the increasing lead securing a sufficients jwrt 
opening to maintain the initial steam-pressure as high as possible to 
obtain the full benefit of expansion, the power being kept down by 
a large compression. 

Fig. 244 is exceptional, but is preferred by some engineers. In 
this case a reduced port opening at light loads reduces the initial 
steam pressure by partial throttling, and a large expansion is sacri- 
ficed to reduced range of stress on the piston. 
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If the point of suspension of the eccieptric arm, instead of being on 
the centre line XY, is chosen in some position, A, as shown in Fig. 
245, we then have* a compromise between the conditions already 
described, and the same lead may be obtained at *both maximum and 
minimum loads, with a somewhat larger lead in iindii)6sifcion. 

The various points of port opening, cut-off, release, and compression 
for any position of the eccentric centre on rhe arc tjud may be found, as 
already shown in Figs. 85, 88, and 90. 




Springs. — The law of the helical spring is that equal increments of 
load give equal increments of extension or compression, within certain 
limits. 

This may be represeiited by a diagram (Fig. 246) where the base- 
line is the line of extension and the vertical lines the loads producing 
the extensions. Then it will be found by experiment that the line 
joining the upper extremities of the load-lines is a straight line, the 
extensions being in units of length, and the loads in pounds. 

The load required to extend the spring per unit of length — say 
1 inch — is a measure of the strength of the spring. Thus \a is the 
strength of the spring, being the load required to extend the si>ring 
1 in. 

The load required to extend the spring 2 in. is twice that required 
to extend it 1 in., and so on. Similarly, we have seen that at con- 
stant speed of rotation 
centrifugal force varies 
directly as the i*adius, 
and a similar figure to 
Fig. 246 may be used to 
represent the uniformly 
increg>sing centrifugal 
force as the radius of 
rotation increases, the 
revolutions remaining 
constant (Fig. 247). If, 
therefore, the revolving 
weights of a governor are held by springs so designed that the tension 
of the spring is equal to the centrifugal force at all positions of the 



Fig. 247. 


Fig. 248. 
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balls, then Figs. 246 and 247 may be combined (Fig. 248), and in such 
a case the governor is isochronous. 

Example.-*-A ball weighing 20 lbs. revolves at 250 revolutions per 
minute. Find the strength of spring required to make the governor 
isochronous, supposing the spring to be attached directly to the ball. 

Since, by supposition, the tension in the spring varies with the 
centrifugal force, then, when the ball is at zero radius, the tension in 
the spring is also zero ; and if S = the strength of the spring, that is, 
the pull required to stretch it unit length, then — 

Sr = 0-00034 12 X W X r x N' 

where r ~ radius of ball or stretch of spring in inches ; 

S = 0*0000284 X W X 
= 0-0000284 X 20 X 250' 

= 35 ‘5 lbs, 

that is, the strength of the spring = 35*5 lbs. per inch of extension. 

Let the mean radius of the rotating weight be 12 in. with a range 
2-5 in. on each side of the mean radius. Then (I^ig. 249) oh is th(i 
mean radius ; and the pull in the spring at this radius = 35*5 x 12 
= 426, Set u]) he = 426 lbs. Then for all other positions of 
the rotating W(‘ight, sijujc the value of N is assumed constant, the 
centrifugal force and the pull in the s])]*ing at any radius will be 
given, by joining the line oe through the origin o, and measuring 
the vertical height as at aeJ, ef to the same s(‘ale as he. The line 
ad = 9*5 X 35-5 337-25, and the line (f= 14*5 x 35*5 = 514-75. 

So far we have considered the strength of the spring for an isochronous 
govei-nor, or one running at constant speed for all positions of the 
balls ; but, as before explained, sucli g(»vernors are not desirable, 
being inactive below the speed ixMjuired, and flying outwards through 
their whole range of moveunent when this speed is slightly exceeded. 
The. friction, however, which is always present more or less in all 
governors prevents aosolute isochronism in any govei’iior. 

In i)ra(‘.tice, a spring 
h is chosen whbse strength 
increases at a rate some- 
what greater than the 
rate of ijjcu’ease of the 
I’adius. Thus, suppos^i 
in the same goverm)r 
the strength of the 
spi-ing to be 45 lbs., to 
find the effect of the 
change of spring upon 
the speed for the same 
range of radius. The 
speed at the mean po- 
sition oh (Fig. 249), 
namely, 12 inches radius, being the same as before, the centrifugal 
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force ia this position and the tension of the spring are in equilibrium, 
and are equal to 35*5 x 12 = 426 lbs. := he. At the minimum radius 
oa, the tension in the spring is now 426 — (45 x *2-5) = 313'^> lbs, = 
ag^ and at the maximum radius oc = 426 -f (45 x ^*5") Voa. 

= ch ; this represents a range of sp^ e<l as lode ats : (1) "For lb.© 
niiniinuni radius oa = 9*5 in.-r- 

K. = — 

0 00034 X W X 

313*5 

^ “0*6000284 X 20 X 9*5 
N = 241 revolutions per minute 

(2) For the maximum radius oc = 14*5 in. — 

^ 

0*0000284 X 20 X 14*5 
N = 260 

The variation in speed neglecting the effect of friction 


_ range of speed 
mean sjoeed 


100 = 


260 - 241 


X 100 = 7*6 per cent. 


Also geli is the line of force with the stronger spring, and it makes 
with oe an angle oeg^ which is a measure of the stability of the 
governor. 

If the spring is attached to the weight arm at some point c (Fig. 
250), between the centi*e a and the centre 
of gravity of the weight h, then the strength 
of the spring must be greater than if at- 
tached directly to the ball in the ratio 

ac 

We have so far considered only the 
(H^ntrifugal force acting in the governor, 
but during a change of speed of the engine 
there are other forces beside centrifugal Fig, 250. 

force acting on the go^^ernor, and which 

will be found to either oppose or assist tlie action of the centrifugal 
force. These forces will now be briefly considered. 

1. Tangential Acceleration , — Let Fig. 251 represent a governor disc 
secured to the (uigine shaft and rotating about the centre A, and let 
tlie ball B be connected by the arm BC to the pivot C on the disc. 
Then an increase in the speed of rotation of the disc will cause the 
hall L to move outwards from the centre A by centrifugal force. 
But if the centre C of the ball arm be pivoted at the centre of the 
shaft, as in Fig. 252, then, when the disc is rotated, the centrifugal 
force acts radially along the arm connecting the ball to the centre of 
the shaft, but the centrifugal moment is zero, since the pivot of the 
arm coincides with the centre of the shaft, and tlie force has no effect 
for the purpose of regulation of speed. 
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If, however, the speed of rotation of the disc increases, then the 
I tendency is for the ball (Fig. 252) to maintain its original speed and 

to lag behind relatively 
to the disc, which is 
equivalent to a move- 
ment in the direction 
of the arrow D, or in 
the direction opposite 
to D if the speed of 
rotation of the disc de- 
creases. This move- 
ment of the ball rela-' 
tively to the disc and 
in a direction tangen- 
tial to the path of the centre of gravity of the ball, is the result of 
the inertia of the ball producing tangential acceleration. 

In the case of Fig. 251, the moment about C of the force pro- 
ducing tangential acceleration is zero whatever the cliange of speed, 
because the line of action of the force passes through the pivot. 

In Fig. 252 this moment is a maximum. In intermediate positions 
the moment of the force producing tangential acceleration is equal to 
the force multii)lied by the perpendicular distance CD, between the 
pivot 0, and the tangent to the (jirch; drawn from the centi’e of 
rotation, and y)assing through the centre of gravity of the weight. 

This force may be made to amst oi* to oppose the centrifugal force 


Fig. 253. Fig. 254. Fig. 255. 

according to the posititm of th^ pivot of the ball arm in relation to 
the centre of gravity of the weight. Thus, if in Figs. 251, 255 the 
disc is rotating clockwise as shown, then in Fig. 251 the moment of 
the tangential force acting during increase of velocity of the disc 
= P X CD, and it acts ^o as to supplement the centT-ifugal force, and 
thus to make the governor more prompt and rapid in its movement ; 
in Fig. 255, with the position as shown, the tangential force acts to 
oppose the centrifugal force*, and thus to make the governor more 
sluggish. 

2. Angular Acceleration , — Another form of accelerating force which 
is capable of useful application in the shaft governor will be understood 





Fig. 251. Fig. 252. 
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from the illustration (Fig. 256). At 'the end of the arm AB, which 
is supposed to be rigidly attache^ to the 
shaft at centre A, lei the weight at the end B 
be distributed in the form of a bar, CD, 
instead of being concentrated ip the form 
of a ball at the centre of gravity B ; aud lat 
the bar CD be free to move about the centre B. 

Then, if the shaft to which AB is rigidly 
attached is rotated about the centre A at' a 
high velocity and then suddenly stripped, the 
kinetic energy in the balls C and D will cause 
the arm CD to spin round the <;ontfe B. Fig. 256 . 

Similarly, if during the rotation of the shaft 
the rate of rotation should suddenly increase, even slightly, then 




. , Fig. 257 . 

4 

(luring the change of speed the arm tends to lag behind momentarily 
until the speed has again become uniform ; or, vice versa, if the 
speed of the shaft decreases, the ai-m tends to maintain the same 
rate of rotation, and thus to move about its centre B with a greater 
angular velocity than the shaft A. This property of the bar 
when centred at B has been termed angular inertia, and it has 

Q 
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recently heen suc(*essfiilly applied as a supplement to centrifugal 
force for the purpose of increasing the sensitiveness of the shaft 
J governor. 

Fig. 257 illustrates a very successful governor made on this principle, 
and known as “ Begt nip’s shaft governor,” made by Messrs. Browett 
and Bindley, of Patricroft. 



CflAPTER XV. 

TURNING EFFORT IN THE CR ANN- SNA FT. 

As has beeri already pointed out, it is impoi’tant, for steadiness of 
riuiiiing, that the turning effort in the eiank-shaft should V)e as 
uniform as possible. But in practice, the conditions are such that 
the turning effort vaiies more or less considerably during each half- 
levolution of the crank. The nature and extent of the variation, 
and the means adopted for reducing it to a minimum, will now be 
dcs(;ribed. 

The causes producing variable turning effort are — 

1. The variable pi'essure of the steam acting on the piston. 

2. The mechanical combination of crank and connecting-rod which, 
(wen with a uniform steam-pressure on the piston, results in a variable 
tui-ning effort on the (U'ank-pin, the variation ranging from zero to a 
maximum twice every revolution of the crank. 

3. The inertia of the reciprocating parts of the engine, including 
the piston, piston-rod, cross-head, and connecting-rod, which absorb 
power in acquiring velocity during the eaiiy portion of the stroke, 
arid restore it while being retarded during the later portion of the 
sii-oke. 

The means employed to reduce the variable turning effort in the 
crank-shaft, or to modify its effects, are — 

1. The combination of engines working on sepai*ate cranks in the 
same shaft, the cranks being so disposed that the mutual variations 
in the separate cranks correct each other when in combination. The 
number of cranks employed in practice may be one, two, three, four, 
live, or more, and the more numerous the cranks the more uniform the 
twisting moment at all points in the revolution of the shaft. 

2. The adjustment of the points of cut-off and compression to the 
speed M the engine. 

3. The use of the flywheel. 

It will be necessary, before proceeding further with the subject, to 
consider the relation between the respective velocities of the piston 
and (‘rank-pin. 

Piston and Crank-pin Velocities. — Neglecting the obliquity of 
the connecting-rod. Take any point P (Fig. 258) to represent the 
position of the crank-pin when crank of radius OP moves about the 
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centre 0. Assume that the crank-pin P moves in its circular path at 
a uniform velocity V in feet per second. Set off PV at right angles 

to OP, or tangential to the circle at point 
P, making PV equal in length to the 
velocity V of the pin to any scale of feet 
per second. 

This velocity V, in a direction tangential 
to the circle, may be resolved into com- 
ponent velocities, Pd horizontally, and P6 
vertically. 

Draw the perpendicular PN to meet the 
horizontal diameter. Then angle tPV = 
angle PON = 0 ; and Pa = Y sin 0 ; and 
Ph = V cos (9. 

Fig, 258. . But when OP is drawn to scale to re-. 

present in units the velocity of the crank- 
pin (which is assumed uniform), then the perjiendicular P^^^ = V 
sin 0, and ON intercepted between the perpendicular and the centie 
O =: V cos 0; and thus for any position P of the crank -j)in, PN = 
Pa = V sin 6^ = the horizontal component of the crank -})in velocity = 
the velocity of the piston. 

Relative Velocities, including Obliquity of Connecting-rod.— In 
Fig. let 0 be the centre of the crank-pin circle, w ith radius of crank 
OP, and PN the huigth of the connecting-rod. The point N is the 
position of the cross-head jiin, and relatively also of the ])iston. To 

find the relative velocities of 
crank-j)in and piston wdth a short 
I ^ connecting-rod, PN, find the vir- 
1 tual centi'e or instantaneous axis 
about wdiich the connecting-rod 
PN is moving for the given posi- 
tion OP of the ci^ank, by drawing 
lines PA and NA normal to the 
direction of motion of P and N at 
the moment considered. Then the 
point A is the virtual centre re- 
Fig. 251t quired, and the relative velocities 

of P and N are proportional to 
the virtual radii AP and AN respectively. 

The same result may be obtained by producing the connecting-rod 
NP to meet the perj)endicular through the centre 0 in C. Then the 
triangles APN and OPC are similar, and AP : AN : : OP : 00. In 
other words, if OP = velocity of crank-pin, then the intercept OC = 
corresponding velocity of piston for position OP of the crank. 

Polar Diagram of Piston Velocity. — The velocity of the piston at 
each point of its path throughout the stroke may be re])resented by a 
curve as follows : Fii'st draw a circle with radius On = assumed 
constant velocity of the crank-pin, and^ as shown in Fig. 260, draw the 
connecting-rod for various crank-positions, a, b, c, cutting the vertical 
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centre line at points 1, 2, 3, etc. WJth radius 01, 02, 03, etc., transfer 
these distances on to their i'esi)ective crank po.sitk>iis a, b, c, etc., and 
join the points so obtained by a enrve. 

If the obliquity of the connecting-rod had been ne^^ jted, this curve 



Fig. 260 . Fig. 261 . 


would be a circle, but it will now be seen to be an irregular figure 
extending beyond the crank-circle for a short portion of the crank-path. 

With a short connecting-rod, the point of maximum velocity of the 
piston is as nearly as possible that at which the crank and con- 
necting-rod ar’e at right angles ; in other words, where the centre 
line of the connecting-rod is tangential to the crank-pin path, as at 
OP, OQ (Fig. 261). 

The velocity, of the piston is the same as that of the crank-pin 
when the crank is perpendicular to the centre line of the engine, and 
again at crank position 06, where the connecting-rod produced from 
6 passes through a. The conditions are similar at d and e below XY. 

Pxd ween crank positions a and 6 and d and e the piston velocity is 
greater than that of the crank-pin ; in all other positions the piston 
vclo(*ity is less than that of the crank-pin. 

At positions of maximum velocity of the piston, namely, at OP and 
< >0 of the crank, the velocity of the piston is to that of the crank-pin 
as Oc : Oa. 

Tangential Pressure on the Crank-pin.— Having considered the 
relative velocities of piston and crank-j)in, we will now examine the 
relation between the forces acting through these moving parts. 

First, considei’ing the case where the pressure of the steam is 
assumed uniform throughout the stroke, and neglecting the obliquity 
of the connecting-rod and the inertia of the moving parts. 

In Fig. 262, let AB produced be the centreline of a horizontal engine, 
O the centre of the crank-sliaft, and OA the radius of the crank. Let 
OA also represent to scale the total pressure P acting on the piston 
(supposing the pressure on the j)iston constant). 

When the crank is in position AO, the pressure of the steam upon 
the piston has no tendency to turn the crank about its centre 0, the 
piston-rpd, connecting-rod, and crank being all in one straight line, 
and the whole pressure acts to press the crank-shaft against its 
bearings. When the crank is in position OB, the pull being in the 
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line AB, there is again no tendency to i urn the crank about O. These 
two positions of the crank are called the dead eentres. 

For positions OC and OD of the crank, the whole pressure P on 
the piston (neglecting the obliquity of the connecting-rod) acts at 
the moment in the direction of motion of the crank-pin, and hence the 
whole force is exerted in turning tlie crank. At this point 0, and at 
the opposite point D, the turning moment is a maximum = P X CO. 

From this we see that, even though the pressure on the piston is 
uniform throughout the whole stroke, the turning effort on the crank- 
pin is very variable, changing from zero at the dead centres, to a 




Fk;. 202. Fig. 203. 

maximum at two points of the revolution, (tnder tlie (‘onditions here 
assumed, the points of maximum turning effort are when tlie crank is 
at I’iglit angles to th(' axis of the cylinder; but when the steam is 
cut off* at some eai’lier point than half-.stroke, the maximum turning 
eff‘ort is somewhere nearer the beginning of each half-revolution. 

At intermediate positions the jiressure on the crank-pin is empiloyed 
partly in turning the shaft, and jiartly in causing an increased pressure 
through the ci'ank upon the main beai'ings. 

To ffnd the twntbuj moment on the shaft due to the pressure on the 
piston acting on the crank at point C (Fig. 263). The pressure P, 
acting parallel to AB through C, causes a twisting or turning moment 
about O — P X DO = P X CP]. But P is assumed constant; therc- 
f(»i’e for any point, C, C', C", of the crank the twisting moment is pro- 
p/ortional to the })er])endicular CE, C^E^, etc., drawn from C upon AB ; 
and the amount of the twisting moment in inch-pounds = CE, C'E', etc., 
in inches multijilied by P, the total pressure on the piston in pounds. 

The tangential or* turning effort fmting on the crank-pin, as dis- 
tinguished from the twisting moment acting through the shaft, may be 
found thus : • 

If T is the turning effort acting tangentially on the pin, then T X 
radius CO = twisting moment due to turning effort T about O. But 
P X CE is also the twisting moment ; 

therefore T x CO = P x CE 
CE 



If tho ratiius CO be drawn equal to the pressure P to scale, 
then — 

from T = P X 
we have T = CE 


and this is true for any position of the crank, 

Since the twisting moment at any part of the revolution is equal to 
th(i tangential (‘fibrt multiplied by a constant nurnljer, namely, the 
length of the crank, the diagram of tangential effort and the diagram 
of twisting moments are the same, though mea‘ ured by a different 
scale, the one being in pounds, and the otiau’ in ^younds multiplied by 
llie radius of the crank in inches. 


Diagrams of Turning Effort on the Crank.— The facts above stated 
as to the variable nature of tin? tangtmtial or turning edort on the 
crajik-j>in during a n^volution of tiie crank may be well dlustraied by 
a diagram ar, follows : — 

ij('1 the circle ACBl) represent tlu^ crank-pin path, and OC th ^ 
radius of tlu^ ci'ank ; and h't (.)C n‘pn‘s(*nt to seah* tlie pr(\ssui‘e on 
tlie ])iston (supposed uniform). Tak(* a number of equal subdivisions, 
(\ (f, etc. Then the })(‘rp(mdicular 


oil AI> for any position OC of 
the crank repr(\s(‘nts the turning 
(diort on the crank-pin at this j)oint. 
Fi‘om C, C', etc,, set off on the 
I’adius OC producinl distance's CE, 
CrE equal to CK, V'FJ, If the ex- 
tremity's of fbese lines be joined, a 
curve* is obtaineel above? and below 
the (centre line? which re‘pr('s€?nts 
die turning effort at eveiy part of 
the* revolution ; and it will be seen 
tliere'from in wliat way the? turning 
e?lh)]'t varie's during one re?volution 
from ze'ro. at Aand to a maximum 
at U and H. As be'fore? explained, 
if the scale of ine'asu remen t be* 
niultiplieel by the crank radius in 



inc]ie?s, the same diagram will se'rve 


Fir,. 264. 


as a twisting-moment diagram. 

The deitted circle elrawn from tlie centre 0, with radius OK, is 
the curve of mean tangential jmftsure^ and it is drawn by making 
AK : P : : 2 : TT, where P = the mean effective pressure em the piston 
(neglecting friction). 

The circumference of the circle ACBD (Fig. 264) may be unwound 
and the diagram set up on a straiglit base?, as shown in Fig. 2G5. Tlie 
sti'aiglit base MN is drawn eijual to the circumfer(*nce of the circle 
ACBD (Fig. 264). It is then divided into the same number of equal 
pa,rts as the circumference, and distances CF. C'F', etc., set up from 
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the respective divisions. The curves joining the ends of these lines 
are the curves of tangential pressure as before. 



Fig. 2G5. 


Th(‘ mean tangential-pressun^ lino KL is drawn by setting up MK, 
so that MK : P : : 2 : TT. 

Tt will be noticed that the area MFFB, enclosed between the base 
and th(i curve and shown shade-lined, is the diagram of work done 
upon the crank-pin during a half-revolution of the crank-f^haft, the 
ordinates repi’esenting the turning effort in pounds, and the base 
r<^pres(*n,ting the distance through which the effort has been exerted ; 
and this ar(\a is exactly equal (neglecting friction) to the work done 
upon the piston during a single stroke, as given by the indicator 
diagram. Jf 8 = stroke i»f piston, and P = mean pressure on piston, 

then S X ^ = p^^th of crank-pin during one stroke^ of piston, and MK* 

2 

mean tang(‘nti.al pressure^ on crank-pin, = P x - 

P X S , (P X 2) X (S X 1 ) 

The line KL (Fig. 265) has l)*‘en called the lint' of mean tangential 
pressure, but it is also the line of resistance due to the load (assuming 





the load constant) ; for unl{\ss the mean effort and the mean resistance 
are equal, there must be a cluinge of speed of revolution of the engine, 
the speed increasing or d(*creasing as the effort is greater or less^ than 
the resistance. 

We have seem that, though the resistancf' is uniform, the effort 
is extremely variable. Thus (Fig. 266), during a half-re volution of 
the crank, and commencing at the point a, the force exerted rises 
above the mean-resistance line KL, and continues above this line 
till the point c is reached, and unless a flywheel is attached to 
the engine to absorb the additional ‘pow(n-, the result will be that 


233 


TURNING EFFORT IN THE CRANN^SHAFT 

during the short portion ac of the ri’^olution, the driving force being 
greater than the resistance, the speed of rotation will increase and 
become a maximum at c. Bejoj^d the point c the driving force falls 
below the resistance, and without a flywheel to jestore power to the 
engine, the speed will decrease until the point e is reached, at which 
point the speed is a minimum. . . , 

It will thus be seen, though the speed per mi?jnte may he uniform, 
that there is much tendency to irregularity of speed of rotation during 
a single revolution. This tendency, ho vever, is very largely corrected 
\)y the addition of a flywheel, as is explained subsequently. If the 
straight base MN (Fig. 266), representing the circumference of the 
erank-pin path, be divided into a scale of degrees, fchen Mf? degrees 
to scale represent the position of the crank-pin past its dead centre 
M when the velocity of the crank is a minimum, and Mh degrees the 
position of tlie crank-pin when the velocity of 11 le crank is a maximum. 

When the speed of the engine is constant, the area ahc is equal to 
the area cde. When tlie area ahc is greater than the area cde, then 
the speed is increasing, and vice versa. 

Effect on the Twisting Moment of Combinations of Cranks.— For 
several reasons, it is important that the twisting moment on the 
crank-shaft should be as uniform as j)Ossible, and thert'fore that the 
areas ahc and cde (Fig. 260) should be reduced as much as possible. 
The way in which these areas are affected by various ' combinations of 
multiple-cylinder engines working on various arrangements of cranks 
is shown by the following figures. The steam in the respective 
cylinders is considered of uniform pressure tlirougliout the stroke for 
the sake of simplicity. 

Case I. A single engine worhing on a single crank. This case has 
already been considered. 

Case II. Two engines working on the same shaft icith cranhs directly 
opposite (Fig. 267). 

In this (\ase eacli engine is on 
th(^ dead centre at the same time, 
and the points of minimum and 
maximum twisting moment on the 
crank -pin coincide. Hence the 
twisting stresses in the crank- 
shaft are doubled throughout, and 
the diagram of total twisting 
moments is obtained by adding 
toge^ther the diagrams of each 
cranjc as shown in Fig. 268. Thus MhJ) is the twisting-moment curve 
for a single engine during a half-re volution, and McI) is the twisting- 
moment curve for the combined cranks when placed directly opposite. 
McD is obtained by doubling the ordinates so that ac - 2ah for 
each, position along the circumferential base MN. 

From this diagram (Fig. 268), it will be seen that in Case II. the 
stresses vary through a much wider range than in Case I., the range 
in the second case being from zero to double the maximum stress 
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which obtained in the first case. The line of resistance KL, or of 
mean twisting moment, is raised to twice its former height, and the 



Fir,. ‘208. 


shad(‘d areas egf and dDe represent the energy in foot-pounds given 
up to t]i(‘ flywheel or ri'stored l)y it resp(‘ctively, twice' every revo- 
lution. 

This arrang('inent of opposite cranks ife sometimes adoj^i-ed, es])eci{illy 
in small liigh-spe(',d engines, witli the object of balancing. 

Casein. Cranks at right angles. This is much tlie most common 
arrangement of ci*anks in two-cylinder (‘iigines, and its advantage's in 
r(;(lucing the range of the twisting stresses will be 


seen from Fi". 270. 


\ 


ad- 


\ 


This arrangement possesses the further 
vantage of enabling an engine to start mor( 
easily than wh(‘n the two cranks are op])osite, 
for when one crank is on the dead centre the 
other is in the position of maximum turning 
moment, in which position the engine may be 
started easily —unless it should ha])j)en that 
steam is cut oft* by the valve-gear before th(‘ 
half-stroke, in which case the engine would 
have to be niovi'd round till the crank was past the dead centre bf'fore 
starting could take j)lace. 

Fig. 270 IS constructed by drawing first the twisting-moment curv(^ 


Fig. 2G0 



Fig. 270. 

as before for one crank, as MM) on the half-revolutif>n length MB. 
Then for the second crank the point midway between M and D, or 
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90^ ahead of M, is the starting-poirii for the second curve of twisting 
moment. 

When the engines are equari in all lespects, as is here assumed, 
then the two curves are equal, and the curve 6tr is drawn equal to 
M6D. The true curve of twisting moment, ehft, etc., is then found 
by taking the sum of the ve)*tical di.stac(;es of the separate curves, 
thus ac + ad = ae, and so on. 

The line KL is the mean turning- effort line, for a single ci’ank, as 
before, and MK' = 2MK for the double crank. Or in practice, when 
the power of the engines is unequal, MK' is obtained from (Pj 4-^? 

2 

+ where Pi,^P 2 , etc., are the mean effective pressure on each 

TT 


piston respectively for two or more engines. 

Case IV. Triple expansion engines ivith crayles af 120°. 

In Fig. 272, the curves for a single engine are ^ 

drawn as before, starling from the point M with 
th(^ first curve; at a point 120° ahead of M, for / s 

the second cu'ank ; and at a point 240° ahead of M, ^ 
for the third crank. The true curve of twisting ^ 1 

moments is then obtained by taking the sum ^ 

of the ordinates ah + ac 4- (idy and constructing \ / 

the curve by taking as many ordinates as ar(' ^ 
required. 

From the Figs. 26(S, 270, 272, it will be ob- 
s('rved that by incieasing the number of cranks the ])erc(mtag(‘ variation 
in the turning effort is much I'educed, as show n by tlu' shacked areas on 
(‘ach side of the mean line KL. 



Turning Effort on the Crank-pin with Variable Pressure on the 
Piston. — It has already been shown, in connection with the velocity 
ratios of piston and crank-pin (Fig. 273), that for any position OC 
of the crank and CP of the connecting-rod, if OA be drawn perpen- 
dicular to ON, velo(uty of P : velocity of C : : OA : OC, the velocity 
of the crank-pin OC being constant, and OA varying with the posi- 
tion of the piston in the path of its stroke, MN. Then, having obtained 
the velocity ratio of two rigidly connected joints, C and P, and 


knowing that force ratio = 


" 1 -j. the pressures transmitted 

velocity ratio ^ 
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C and P in the element PC are inversely as their velocities. 
P(mce, if OC represent to any scale the pressure Pd, on the piston, 
|hen OA represents to the same scale the turning effort on the crank- 



pin C. r)r, nior(> eonvenic'ntly, if the pressure Pd per square inch on the 
piston for any position P be sf^t off on CO as at Cu, and ab be drawn 
parallel to OA, th(‘n ah is the turning ('ffort on the crank-pin per 
square iindi of piston ar(\a for the position OC of the (‘rank ; for the 
triangles OAC and ahC liei ng similar, OA : OC : : ah : aC. If nh be 
multiplicul b} the area of the piston in square inches, the total turning 
effort is obtaiiu^d. 

Diagram of Effective Pressure on the Piston. — In order* to obtain 
the twisting-moment diagram accurately, it is ncH^essary to find out 
the net jin^ssure acting on the jnston at (ach point of the stroke, and 
this c.iii only be- obtaiiu'd by knowing the pressure acting on the two 
opposite sid(‘s of th(‘ piston ; whereas the indicator diagram gives the 
forward line, and the backward line on the same side of the piston. 

W(^ therefore r(^quire to have a diagram taken from each side of 
the pisto?i at th(^ same time, and to combine the forward Tine of the 
diagram from one side with the backward line of the diagram from 
the opjrosite side. 

In Fig. 274, A aiul B are indicator diagrams from opposite sidt's 
of the piston, and C and D are effective-pressure diagrams drawn 
therefrom. Fig. 274, C is the net or resultant diagram for the front 
end of the cylinder, and D for the ba(;k end s(^t u]) from a hori- 
zontal base line MN. The diagrams are drawn by first dividing (‘ach 
figures into ten ecjual divisions, and each line MN, M'N', similarly. 
Take, for example, division 1 on each diagram. A, B, and C ; a is the 
total forward pn'ssun* (Fig. A) when h is the back pressure at the 
same time on the oth(‘r side of the piston (Fig. B) ; therefore the height 
at division 1 (Fig. 0) is equal to the difference between a and b, and 
so oh for eac'h division. Towards the end of the stroke of the piston, 
the back pressure due to largo compression may be in excess of the 
forward pressure, and tht‘ curve becomes negative and falls below the 
zero line of pressure MN. 

The Figs. C and T> (274) are net diagrams for each side of the 
piston respectively. The effect of the inertia of the reciprocating parts 
is not here included. 

Influence of Inertia of the Reciprocating Parts. — It may be explained 
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that by the term inertia is meant, tlie property possessed by bodies 
by virtue of which they offer resistance to change of velocity^ whether 



that change be from a condition of zero velocity, as when a shot 
is projected fi'oin a gun, or whether the change be from that of a 
liigh velocity to a condition of rest, as when the Hying projectile is 
stopped by the target. In each case the inertia of the shot had to bo 
overcome— in the lirst instance, by the energy in the powder ; m\d 
in the second instance, at the expense, possibly, of the fractured 
target upon which the force was expended. Similarly, in order to 
start the reciprocating pai'ts of an engine from their condition of 
rest at the begimiing of each stroke to that of maximum velocity, if 
the piston Velocity is high, a considerable proportion of the energy of 
the steam may be absorbed in overcoming the inertia of those parts 
before its effect can be felt as turning offbj’t on the crank-pin. 
Fortunately, however, there is no loss of energy due to this cause, 
for the force required to overcome inertia during the increase of 
velocity is again restored in the later part of the stroke as pressure 
on the crank-pin while the crank-pin brings the moving parts to rest. 

It is evident, therefore, that before constructing a diagram of 
turning effort <)n the crank-pin, we must first ^‘correct the indicator 
diagram for inertia ” by subtracting the amount of the pressure 
employed in accelerating the reciprocating pai*ts during the early 
part of the stroke, and adding to the diagram the pressure restored 
to the crank-pin whih^. retarding those parts during the later portion 
of the stroke. 

The amount of the effort absorbed during acceleration is in all 
cases ecjual to that restor(>d during retardation, and the total energy 
(ixerted upon the pin (neglecting friction) is unaffected by the work 
of acceleration and retardation, but the distribution of the? turning 
effort during each half-revolution of the crank may be greatly 
changed, and its influence upon the regularity of speed of the en<nne 
may be considerable. ® 
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Force required to accelerate the Velocity of the Reciprocating 
Parts. — The reciprocating parts include the piston, piston-rod, cross- 
iiead, and part of the connecting-rod, and the force required may be 
easily found by assuming, for the purpose of this problem, that the 
whole mass of the parts is concentrated at the crank-pin, and rotating 
with it — the obliquity of the connecting-rod being in the first instance 
neglecb^d. 

The centripetal force exerted when the mass is turned about the centre 
O (Fig. 275) acts radially in the direction AO, PO, BO, etc., for every 

position of the crank, and is equal to F = - = MwV ; and this force 

may be resolved horizontally, as at PE, and vertically, as at PN, for each 

position of the crank. Thus, if OP — 
the centrip(^.tal force F, then PE = NO 
= F cos 0 — the horizontal component 
of the centripetal force F, and is the 
amount of forces employed in accelerat- 
ing the velocity of the mass at position 
N in the h(.)rizonf.al direction A to B. 
Tlu' forces inay thus be obtained for all 
positions P of the (Tank, and they a]*(' 
the same as would b(' required to accehv 
rate the reciprocating })arts in tlieir 
c.orrc^sponding ordinary positi(ms, the 
masses, the hoi’izontal distances, and 
Fio. 275 the intervals of time being the same 

in either case, 

Tlu‘. v(‘rtical com])onents of tlu" centripetal force take no part in 
horizontal acceleration, and are therefoi'c neglected. 

At the beginning A of the stroke, the whole centripetal force F acts 
horizontally, it has no vertical comjKment, and cos 0 -- 1. Therefore 

^Vv- 

acceleration at A is a maximum, and F = - WrN- X 0 '00034, 

(jr 

whei'e W = weight of reciproc.ating parts in pounds, r = radius of 
crank in feet, and N = nurnbeu’ ejf levolutions jht minute. In order 
to apply the force, when obtained, to the indieator diagram, it must 
be (expressed in pounds p(T se|uai*e inch of the piston area ; the above 
value of F is therefore divide'd by the piston area in s(][uare inches. 
Thus, })i*essure reejuii'cd pei' squares inch of piston to start the recipro- 
cating parts at beginning of stroke 

_ , WrWjK 0-00034 
area of piston 

At the middle of the stroke the whole centripetal force acts verti- 
cally, and it has no horizontal component. ITeu'e the velocity of the 
recipre^'ating parts is a maximum, and there is nc) longer any force 
exeTted in increasing its A^elocity any further j the acceleration, there*- 
fore, at the mid -positions of the crank is zero. 

B(*yond this point the reciprocating parts are retarded until they 
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are brought to rest at the enii of the sti-oke ; the forces exerted oh the 
craiik-pin in bringing the moving parts to rest are exactly the reverse 
of those acting up5n the piston to generate its velocity during the 
first half of the stroke. 

The distribution of the forces throughout the Stroke may be seen 
by Fig. 276, where AB represents the length C'f the piston, stroke. Set 
off AC == /as obtained by the above equation, aai use the same scale 
of pounds as is used for the indicator diagram to which the diagram 
is to be aj>plied. At 1), the raid-position of the pistol^, the accelera- 
tion is zero. At intenuediate points, as at N, set off NO (Fig. 276) to 
scale, by measurement of the horizontal component NO from the 




diagram (Fig. 270 ), or by (^alculatioji of the value of / cos 0 for 
several positions of t}\o crank. If the ordinates so found ])e joined, 
the straight line CODF is obtained. 

The triangles ACD and BED are equal, and they eac^h repre.sent, 
by their area, work done (1) by the steam upoji the piston to generate 
velocity, (2) by the reciprocating parts upon the crank-pin during 
retardation from maximum to zero velocity. Thus, area of triangle 
ACD = kinetic- energy stored uj) in moving parts on reaching middle 


of 


stroke = 


WV 

' 


But AD = r = radius of crank, and r X ^AC = 


area of triangle 


; therefore AC 

-.7 


W «;2 

- as before. 
(jr 


The same 


reasoning applies to triangle DEB, which re])resents energy given up 
by the reciprocating ])arts and transferr*ed to the (Tank-pin. 

Illustrations of the Effects of Inertia upon the Pressure trans- 
mitted to the Crank-pin.^ — Suppose first the case of an engine taking 
steam through the whole length of stroke. Then the indicator diagram 
is approximately a I’ectangle = ABCD (Fig. 278). Let the pressure of 
steam AB = 20 l])s. per square inch, and the pressure to accelerate the 

piston = 6 lbs. reckoned per square inch of piston area = — -f- area 

of j)iston. 

If AE be set down below AD = 6 lbs. to scale, and DF above 
AD =, 6 lbs., and points E ajid F be joined, then the line EKF repre- 
sents the extent of correction re(iuired for the indicator diagram 
before the pressure transmitted to the crank-pin can be determined. 

Between points B and G on the top line of the diagram, set down 
^ See “ A Practical Treatise on the Steam Engine,” by Mr. A. Rigg. 
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*below BG ordixiates m equal to and corresponding with ordinates n 
between lines EK and AK. Similarly, set up above GO ordinates m 

equal to and corresponding with 
ordinates n between KF and KD. 
Then ALGHD is the corrected 
diagram, from which is measured 
the pressure transmitted to the 
crank-pin. 

Though the pressure of the 
steam upon the piston is assumed 
uniform throughout, the pressure 
transmitted to the crank-pin is 
very variable, being 14 lbs. at the 
beginning of the stroke, 20 lbs. in 
the middle of the stroke, and 26 
lbs. at the end of the stroke ; and 
since the effects of inertia rapidly 
increase with the speed, tlie ratio of increase being as the square 
of the velocity, the diagram shows how seriously high the pressure on 
the crank-pin may become at high si)ced towards the end of the stroke, 
especially when the j)ressure of the steam is retained throughout the 
stroke. 

These high inertia ^effects are, however, greatly modified by working 
the steam expansively, and by a judicious use of steam-compression 
at tlio back of the piston. 

If the steam be worked expansively in the cylinder, the effect in 
reducing the excessive pressure on the c}’ank-pin at the end of the 
stroke will bo seen from the diagram (Fig. 279). SS8 is the assumed 
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diagram of net effective steam-pressure on the piston, set up from the 
base-line AB. Line FF is the inertia line, and the })iston-pressures 
S, S, S, corrected for imn’tia by making ordinates m = n on the same 
vertical line, and above or below SSS as required, give the line CCC, 
the ordinates of whicli at the various parts of the stroke give the 
actual pressures fransrnitted to the crank-pin. 

Fig. 279 shows tlie effect of* expansion only, and Fig. 280 of 
expansion and compression in tending to make the pressure more 
uniformly equal throughout the stroke, as shown by line CCC. 
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Influence of Weight of Reciproca|iag Parts in Vertical Engines.— 

On the upward stroke of the piston, the weight of the reciprocating 
parts acts against the steam throughout the whole stroke. Hence, if 
the weight of those parts expressed in pounds per 4»quare inch of piston 
area be set up from A = AF (Fig. to the same scale as AC, and 

FG be drawn parallel to AB, then FG- is new base-line, which 
will coincide with the base of the net steam-pressure diagram to be 
corrected for effects of inertia and weight of moving parts. A is the 
bf^ginning of the stj'oke, and the ordinates tn are subtracted from, 
while the ordinates n are addeil to, the ordinates of the net steam- 
pressure diagram, in order to obtain the amount of pressure trans- 
mitted as turning eiibffc on tlie crank-pin. For the downward stroke 
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Fig. 282. 


the case is reversed, the weight of the reciprocating parts acting with 
the steam-pressure throughout the whole stroke. 

In Fig. 282, if A'C' be drawn as before, representing the force 
required to generate the required velocity in the moving parts at the 
commencement of the stroke, then, since on the downward stroke, 
part of this force (namely, A'F') is supplied by the weight of the 
parts, an amount of force equal to F'C' only is reejuired to be provided 
by the steam to generate velocity. 

The line F'G', drawn a distance below A'B' equal to the weight of 
the moving pai’ts per S(juare in. of piston area, is the new base upon 
which the net steam-pressure <Uagram will be placed to be corrected 
f<ir effects of velocity and gravity upon the moving parts. The 
erdinates m will be subtracted from and the ordinates w added to 
tlui corresponding ordinates of the steam-pressure diagram, A being 
considered the beginning of the stroke. 

The work done (= area AG) in lifting tlie reciprocating parts 
during the upward stroke, and thus reducing the effective work on 
the crank-pin, is compensated for by the restoration of the same 
amount of v ork to the crank-pin during the downward stroke (= area 
A'G'), the weights during this stroke assisting the steam-pressure. 
There is, therefore, no loss due to the weights of the moving parts. 

When the Obliquity of the Connecting-rod is included.— When the 
influeiice of the short connecting-rod is included, the problem of finding 
the inertia liiKi is more ctrmplex, hut for practical purposes it is usually 
sufficient to find the acceleration at the two ends of the stroke, and 
to find the point of zero acceleration. Then, by drawing a free curve 
through these three points, we may obtain with sufficient accuracy the 
inertia line required.^ 

‘ For a construction for finding all points in the curve, see tie chapter on 
“ Balancing of Engines.” 
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First, to lind the point B (Fig. 283), or the position of the piston 
at i;he point of iis maxinniin veloeity, where its acceleration is zero. 
This ;aay be found with almost absolute accuracy by a simple 
geometrical construction, thus ; 
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Draw 00 (Fig. 283) to scale etjual to the crank radius, and draw 
AC at right angles to it and equal in length to the connecting-rod. 
Join OA, and rotate the right-angled triangle OCA about O. Or — 

BO*' = T + r' 

B0= 

B is the ])oin(- reijuircMl r(‘j)]’esenting the position of tlui piston in the 
path 1)F of the stroke at the moment of maximum \(docity. It is 
also the point of zero acceleration on the inertia curve. 

At th (5 point J), tlie begijining of the stroke DF (Fig. 281), 
the, accelerating foice DA is found in the followiiig way. When the 
crank is passing the dead centre and the connecting-rod is linite, the 
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c(‘nti‘ipetal force includes tw'o effects : iirst, that due to the rotation 
of the mass about the centi’c of the crank-shaft O ; and, serjondly, 
that due to its tendency to nJate also about the centi’e B of the con- 
necting-rod BP (Fig. 285). Thus the acceleration at P is jrroportional 
to the sum of the curvaturc’.s drawn with radii OP and BP r espectively. 
At the other’ end of the sti’oke, when the erwink is ])as.sing the (;entre 
P( the centr’ij^etal for ce due to the motion of thf‘ connecting-rod acts 
in the sanies direction as that of the crank, and the aceeler*ation at 
F is propor’tional to th(^ diffeiviice of those curvatures. Hence, if th(^ 
connecting-rod = n times the radius r of the crank, then the accele- 
rating force at P = ^ - -f ( i 4 . 1 ) ^nd the force at P' 

(f \ r nr/ qr \ nJ 


W/F' 


(j \ r nr / (jr \ 71/ 

V"\ Wr'/ 1\ 

nr) ~ ~gr ( ^ n )* the value of the centripetal 
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'force at P and P' (Fig. 285) be set .oflf vertically from D and E, and 
= DA and EC respectively (Fig. 284), and a free curve ABC be 
drawn, then ABC is the curve of inertia required with which to 
correct the net pressure-diagram on the pistor when determining 
the pressure tranemitted to the crank-pin. This subject will be 
dealt with more fully in the chapter on “ Balancing of Engines.” 

If the speed of the engine exceed a ceriam number of revolutions, 
the pressure necessary to accelerate the piston may be greater than 
that of the steam-pressure in the cylinder^ in which case the crank 



will at first pull the reciprocating parts during the early portion of 
the stroke beyond which the steam-pressure will begin to act, and the 
reciprocating parts close up against the crank-pin and crosshead-pin 
with a more or less serious knock. This is an indication that the 
engine is working beyond its limit of speed for the steam-pressure 
employed. By working at a higher initial steam-pressure, and cutting 
oti' earlier in the stroke, the knock may be avoided. 

Example. — To find the effect of inertia at the ends of the stroke in 
the following example, and to draw the curve of crank-effort : — 

Weight of reciprocating parts = 292 lbs. ; length of crank, 6 in. ; 
diameter of cylinder, 10 in, ; revolutions = 300 per minute ; ratio of 
crank to connecting-rod = 1 : 4*5. 

Then force at beginning ( __ 1 \ 

and end of stroke ( “ \ ~ n) 

292 X {2^rNp . ^ 

32 X r X 00 X 60^ ~ 

_ 292 X 39-4 X 0*5 X 300 X 300 
• . “ ' ^ 32 X 00 X 00 " -V 

= 4494(1 ± 1) 

= 5492*6 or 
_ P 4494 

k 10 ^ X 6-7854^^ - 
p = 69*9 and 44*5 lbs. per square inch of 
piston. 


244 


STEAM-ENGINE THEORY AND PRACTICE. 


Fig. 280 is drawn with the data here 'given, lengths A and C being 
set off to scale equal to 69-9 and 44*5 at the beginning and end of the 
stroke respectively, and the point B is found, as already explained, 
by finding geometrically the position of the piston when the crank 
and connecting-rod are at right angles. A free curve of inertia is 
then drawn, and the diagram of net effective pressure on the piston 
is set off, as shown by dotted lines, by measuring from the inertia 
curve to the top line of the indicator diagram (see Fig. 279), and 
resolving the pressure as shown to find its tangential effect on the 
crank-pin. 

Thus, if the net pressure 6, measured from the base line to the 
corrected indicator diagram, shown dotted, be set off on the corre- 
sponding crank position as shown, and the vertical component a, 
intercepted by the connecting-rod, be set off on the crank position 
produced, then, by joining the outer extremities of the lines a, the 
curve of turning effort on the crank-pin is obtained. 

It may here be pointed out that though the force absorbed in 
accelerating the moving parts is restored during retardation of those 
parts, yet in practice there will be a waste of energy to a greater or 
less degree at the end of each stroke, if owing to slack bearings there 
is a pound ” or shock as the crank turns the centre and the moving 
parts change the direction of motion. With slack main bearings, the 
crank-shaft may be lifted on the up-stroke, and possibly bent or 
sprung on the down-stroke. To avoid such effects, the brasses should 
be kept in good condition, having a minimum of slackness, and the 
energy in the piston at each end of the strokes should be absorlx^d by 
a judicious use of steam-cushioning on the exhaust side, so that the 
piston may be brought to rest as nearly as possible without shock. 



(IIAPTER XVI. 

FLYWHEELS. 

Fluctuation of speed of the craiik-shjAft during each single revolution 
of the shaft may be reduced by the use of a flywheel, whose mass 
and radius of rotation provide a large moment of inertia, absorbing 
energy when the turning eflbrt is in excess of the r^isistance, and 
restoring it to the shaft when the resistance is in excess of the eflfort. 

The extent to which the turning effort transmitted to the crank- 
pin varies above and below the mean turning effort is well seen by the 
diagrams already given. 

Thus in the case of a single-crank engine this variation is large, 
while in triple engines with three cranks at 120^^ the variation is 
reduced to within veuy narrow limits. 

Tt is ch^ar, therefore, that for the single-crank engine a large and 
heavy flywheel is much more necessary than for the three-crank 
engine of the same power. 

To design a flywheel to meet the requirements of a given case, it is 
necessaiy to find out first what is th(i extent of the periodical fluctua- 
tion of energy, ab(3ve and below the mean energy transmitted during 
a single revolution. 

For this purpose a iurning-efibrt diagram is drawn by the method 
already explained. Thus, in Fig. 287, curve ahede represents the 
turning eflbrt for a single-crank engine during one whole revolution, 



ace 
Fig. 287. 


ae, ^Of the two curves ahr and ede, that which shows the larger 
excess of energy is chosen for the calculation. The line fg is the 
mean of the two curves. The resistance is assumed constant. Then 
the work E done during one stroke is represented by the area a5c, 
which area is equal also to the rectangle afgc. If area hhm = AE, 
then AE -f- E is called the coefficient of fluctuation of energy. 

For multiple-crank engines the turning-eflTort curves for the 
separate cranks are combined (Fig. 288), and the coefficient of 
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fluctuation of energy is now the ratio of one of the areas projecting 
above the mean-effort line, as the area efg to the total effort abed 
during the stroke. 



To find the value in foot-pounds of the area rf/j, obtain by means of 
a planirneter, or by simple measurement t(y any scale, the ratio of the 
area efg to the a7*ea abed. Then, since the ai'ea of abed, is known, 
being equal to the work in foot-pounds done by the st(‘am upon the 
piston or combined pistons during the stroke, the area efg may be 
obtained at once. 

To find the weigh, t of flywheel^ having given the coefficient of 
fluctuation of energy and the limit of variation of speed. 

Fluctuation of the force acting as turning efl'ort on the crank-shaft 
is, as a necessary consequence, followed by fluctuation of speed of 
rotation. This is objectionable in all engines, but is especially so in 
some departments of engineering, such as electric lighting ; and 
although the speed of rotation cannot be made absolutely uniform, 
so long as the turning effort is not uniform, the variation may b(^ 
reduced to any re(iuiT‘ed extent by increasing the mass and radius of 
the flywheel. 

If W = the weight of the rim of the flywheel, the weight of the 
arms being neglected ; r = the radius to centre of figure of the rim ; 
V = velocity of rim at r’adius r in feet per second ; and oj = angular 
velocity of wheel ; 

Then the energy of the wheel = — 

2g 2g 

and for any addition of energy AE, such as area hbm (Fig. 287), we 
have an increase (jf speed from a>j to Wo, and — 

AE = 

that is, for a given value of AE the change of speed will vary inversely 
as the weight and as the square of the radius of the wheel. 

The radius of the wheel is determined somewhat by considerations 
of appearance and proportion, according to the discretion of the 
designer, always remembering that the peripheral speed of the rim 
should not exceed 100 ft. per ^cond as a maximum. But having 
determined the radius, the weight required to reduce the variation of 
speed to within given limits is obtained ns follows : — 
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_ W(li + — «?o)7^ 

W X 2v \ kv 
. =* 2 ^^ . 

w __ ^ 0 

k . v '^ 

where v^ — maximum velocity, v — mean velocity, and = minimum 

velocity, also k = cootiicient of fluctuation of speed = — The 

value of k varies from ~ foj- jmnchiiig and shearing machines to 
to for electrical machinery. 

'I'his variation of speed has to do with the speed fluctuation during 
a single revolution, and has nothing to do with the fluctuation of 
speed from minute to minute, which is the work of the governor. 

The stresses in a flt/ wheel are of tw'o kinds : (1) those due to centri- 
fugal force, and (2) those due to inertia. 

, 1. The centrifugal force acting radially in the wheel = - - per 

foot of rim, measured on the mean circumference, W = weight of th(' 
rim per foot of length ; r - radius of wheel to centre of rim in feet ; 
e = velocity of rim in feet per second at radius r. 

The aidion of this force in tending to burst the rim of the wheel 
may be considered as equivalent to that of steam-pressure acting 
intiTiially on the circular shell of a boiler, and as, in the case of a 
boiler', the tendency to burst the wheel in a ])lane through any 
diameter = F x d, where F stands for centrifugal force per foot of 
J'im, and d the mean diameter of the wheel in feet ; and the stress 

per square inch on the material = f = ^ where a = area of 

* area 2 a 

section of rim in square inches. 

In addition to the tendency to fracture of the wheel jusfc referred 
to, the centrifugal force tends also to bend the rim, between the arms, 
concave to the centre. There is also a tensile stress upon the arms. 

2. The stresses due to inertia of the mass of the wheel may become 
large when there is any more or less sudden variation of the speed of 
the engine, the eli'ect of which is to put a bending stress upon the 
arms, which may be considered as cantilevers loaded at the rim end 
anti secured at the boss of the wheel. 

Example. — A flywheel with a cast-iron rim 15 ft. mean diameter 
runs at a speed of 90 revolutions per minute. The section of the 
rim = 150 sq. in. Find the stress on the rim tending to separate it 
through any diameter ; also find the stress per S(][uare inch on the 
material of the wrought-iron strap plates, 8 in. X l A in., one on each 
side of junction of segment. 

Then, weight per foot of rim measured on mean circumference = 
150 X 12 X 0-26 = 408 lbs. 
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Centrifugal Jfbroe F per 
foot of rim 


W 

= WrN' X 0-00034 
= 468 X 7*5 X 90 X 90 X 0-00034 
= 9666-5 


This is the radial force per foot of rim. Resolving this force at 
right angles to a diameter, then the total force* tending to separate 
the rim through a diameter 

= F X d 
= 9666-5 X 15 
= 144907-5 Ihs., or 64-7 tons 


Stress / per square inch in wrought-iron strajis holding segments 
of wheel together 

. load 144997*5 oaoi n 

rry rr ^ =r 3021 Ibs. per sq. in. 

area 2 X 2(8 x 1-5) ^ ^ 

This neglects the influence of the arms in resisting tensile stress. 



Fig. 289. 


Fig. 289 is a combined dywheel and rojx) drum as made by Messrs. 
Musgrave of Bolton. The construction will be understood from the 
drawing. 

Fig. 290 is a type of flywheel made for rolling mills in the United 
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States. Ifc was recently described by Mr. John Fritz.^ This design 
of wheel is made varying in diameter from 20 to 30 ft. It has been 
subjected to very severe treatment, and is said 
never to have been known to fail. 

The rim is cast in segments, each segment being 
cast with its accompanying arm ; and both seg- 
ment and arm are cast hollow as shown. The 
holes in the segments are made smaller at the 
ends so as to allow for the metal taken out for the 
connecting T-{)ieces. The steel limbs or T-pieces 
are designed so that the rim is as strong at the 
joints of the segments as elsewhere. 

It will be noticed that at the centre of the 
wheel there is a space left of about | in. on both 
sides of each arm. This is filled with oakum, and 
driven hard after the wheel is finished and in its 
place. 

Fig. 291 shows a design for a flywheer-^ by 
the “ Duisburger Maschinenbau - Action - (lescll- 
schaft ” with a cast-iron rim made in segments, 
a cast-iron boss, and steel-i)late arms secured in pairs to the boss 
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Figs. 292 and 293 ^ show a fown of built-up flywheel composed of 
flat steel plates, copstructed by the PI P. Allis Company of Milwaukee, 
U.S., for a cross-compound engine, 32-in. and 62-in. cylinders, and 5-ft. 
stroke. Tlie speed ,/it which tlie wheel is inUudv^d to run is 75 
revolutions per minute, giving a speed at the circumference of 90 ft. 
per second. 

Fig. 292 is a side elevation of half the wheel and a section through half the boss 
The boss is made of cast iron, and is 8 ft. extreme’ diameter. Against each face of 
the boss are two annular steel phstos, A, Fig. 292, which are 1 in. thick and 28 in. 
wide, and split on the diameter. From these plates extend the wcb-platcs, sixteen 
in number, to the extromg outside diameter of the wheel. Between the plates on 
the opposite sides of the boss are truss-pieccs, 1 in. by 8 in., bolt'd at the ends 
with two J-in. bolts, and having at the centre two 11-in. bolts as struts. The truss- 
pieces are put at the joints between the web-plates. .Outside tlie web-plates ere 
cover-plates D, 1 in. thick and 27 in. wide, alro split on the diameter. Through 
the outside cover-plates D, web-plates B, and inside i)lates A, are forty 2]-in. bolis. 
In addition there are forty-eight 1^-in. bolts on each side, tlirough the cover-plates 
and web-plates. The section of the rim between the web-plates consists of thirteen 
1-in. steel plates placed side by side and joined on the ends as shown. Outside of the 
web-plates, on each side of the rirn, are 1-iri. by 12-in. plates, forming cover-plates 
around the entire rim. Still outside tins is another strip 1 in. by 5 in. all round 
the wheel. Countersunk rivets IJ in. diameter hold the plates and rim together. 

‘‘ A good average value for the energy necessary to be sf-ored in 
lly-wlieels for electric lighting purposes is 2*9 foot-tons per electrical 
hoi'sc-power, and in traction i>lant 4 foot-tons.” 

“Built steel wlieels may have a peripheral velocity up to 130 ft. per 
secoml.” ^ 

^ From the llnUroud Gazdtv. 

^ Sec paper by Mr. A. Marshall Downie. B.Sc. {Engineering, January 17, 1902). 
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Cylinders. — Tlie strength of cylinders, as of all other parts of steam- 
engiiievS, is initially dependent upon the pressure of the steam to he 
used. The thickness of the cylinder must be sufiicient to safely with- 
stand the maximum steam-pressure and to ensure a safe casting 
throughout. 

The general propoitions of the cylinder depend upon the relation 
between the length of stroke and the diameter of the cylimler. This 
value varies from 1*5 to 2*0 for ordinary horizontal mill-engines, and 
fr’om 1*25 to 0*,6 for vertical quick -running engines. 

The steam-ports are mcade sufficiently long (generally from O C to 
0*8 of the cylinder diameter) to admit the steam promptly and 
through iis large an area as possible when the valve begins to uncover 
the port, so as to give the piston the full benefit of the maximum 
steam-pressure from the commencement of the stroke. .A long port 
has the additional advantage of^ permitting a smaller travel of valve 
for a given area of port opening. 

The dimensions of the port are also governed by the necessity of 
providing ready egr'oss for the steam during exhaust. Getting the 
steam out during exhaust is a more difficult problem than getting 
the steam into the cylinder. Large ports, however, involve large 
clearance volume and large clearance surface, and, for reasons 
already given, lx)th of these should be reduced to the lowest possible 
limits. 

The area of steam-port is made sufficient to permit of a velocity of 
flow not exceeding 6000 ft. per minute ; 


Area of port = 


arta of piston in sq. in. X piston speed in ft. per min. 
6000 


By turning the face of the piston in the lathe, and where po^ssible 
also the inner surface of the cylinder cover, the clearance volume may 
be more readily reduced to the lowest practical limit than when the 
castings are left rough. 

The clearance space permitted between the piston and cylinder 
end varies from J, in. to ^ in., depending on the size of the engine. 

Where the clearance space is very small, additional care is neces- 
sary in the adjustment of brasses at ‘the various joints between the 
piston and the crank-pin. 
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Cylinder-liners and Barrels. — In order that a hard surface shall be 
presented to the rubbing action of the piston, it is usual to fit a 
separate working barrel made of hard, close-grained metal, forced or 
shrunk into the cylinder, or secured by a fiange at the bottom end 
fitted with bolts, as shown in Fig. 294. The cylinder-cover end of 
the liner is left free to expand. The space between the working- 
barrel or liner and the cylinder-casting constitutes the steam-jacket, 
and the joint at the cover end of tlve liner is made steam-tight and 
at the same time allowed to expand freely 1/ methods such as that 
shown in Fig. 294. 



Many examples of cylinders are given throughout this book. Fig. 
295 shows a cylinder fitted with a pistdn-valve. 

Cylinder Patterns. — Where a great variety of sizes of engines are 
made, it becomes a matter of prime importance to keep down the 
number of separate patterns, for a large stock of patterns represents a 
large capital, wliicli is to a considerable extent unproductive. 

In 'making a series of engines of uniform typo but somewhat 
varying powers, one head pattern can be used for the two ends of 
the cylinder with but slight alteration, and by varying the length of 
the barrels the cylinder pattern can be used for a variety of piston 
strokes. 

It is customary in many firms to keep engine beds to standard 
strokes, and make the total initial pressure and power of tandem 
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compound cylinders equal to the half of the total initial pressure of a 
cross-coupled or side-by-sido compound engine, or equal to that of the 
high-pressure cylinder only. 

Thur, taking a cross-coupled compound engine, 18 in. and 30 in. 
cylinder diameters, by 42 in. stroke, to find the compound tandem 
engine the combined j)ower of whose cylinders is equal to that of the 
high-pressure cylinder of the 18" X 30" X 42" cross-coupled engine, 
the stroke to remain the same ; then, since the power is proportional 
to the S(iuares of the cylinder diameters, we have — 

182 324 

' 2 * = “2 = ^162 = 13 in. nearly 

that is, a 13-in. diameter high-pressure cylinder is c^qual to one half 
tlio power of the 18-in. cylinder. By the addition of a suitable low- 
pressure cylindt^r to work tandem with the 13-in. high-pressure 
cylinder, the total power will then be equal to that of the 18-in. high- 
pressure cylinder, then — 

302 

= 450; and v'450 = about 22 in. 

that is, the heads of a cross-coupled compound engine 13 ' X 22 ' x 30'' 
stroke would be used as a 13" X 22" x 42" stroke tandem compound 
engine, the beds, rods, bearings, etc., being the same as for a single 
engine of the 18" x 30" x 42" size. 

This gives a well-designed arrangement in both cases, and minimises 
the number of patterns required. 

Low-pressure cylinder patterns of small engines are used for high- 
pressure cylinders of large engines by simply lengthening the barrel. 

The above remarks a.ssume a fairly uniform piston speed in the 
above engines, varying not mor(‘. than 10 per cent, of, say, 600 to 660 ft. 
per minute. 

The splitting up of cylinder castings also reduces the risk of loss 
by defective casting, and if an engine is wanted in a hurry, the 
cylinder can be treated in several separate machines, and the parts 
assembled when machined in a much shorter time than is possible if 
the cylinder is machined as a single (tasting. This, of course, does 
not apply to the case where a large number of engines of standard 
pattern are passing through special machines, or where the time lost 
in fitting the assembled parts would be greater than that lost in the 
processes of machining the cylinder as one casting. 

Fig. 296 shows a cylinder stuffing-box and gland fitted with Ward’s 
metallic packing. A is the piston-rod, wffiich must be true and free 
from grooves if the arrangement is to be steam-tight ; with this 
packing a brass bush is not neces.sary at the bottom of the stuffing- 
box. B is the stuffing-box, which holds the packing. C is the gland- 
cover, which has ,a perfectly true face on the inner side, where the 
packing-pieces E and F bear upon it and make a steam-tight joint. 

The packing-pieces E are made of anti-friction metal, lined on the 
outside with gun-metal to stiffen thfem. The pieces F make joints 
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with the pieces E (see plan of figure), and prevent the passage of 
steam at the partings of those pieces. The pieces E extend from 
the face of the gland nearly to the top of the stuffing-box. 

A hoop, G, surrounds the packing-pieces. It is be^^elled as shown, 
and fits against a corresponding face on • the packing-pieces E. The 



Fig. 29(). 

hoop G is pressed against by two springs, II, which keep the packing- 
pieces up to their work on the rod and the face of the gland. There 
is a further small gland and stuffing-box on the outer side of the 
main gland-cover, which is sometimes fitted to keep the joint dry ; it 
is packed with ordinary packing. 
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Pistons. — A perfect piston would be one which was at the same 
time both steam-tight and frictionless. In practice, in order to make 
the piston steam-tight, various forms of spring rings are used, ^ which, 
while rendering the piston steam-tight, also set up more or less 
friction against the cylinder walls during the stroke of the piston. 

The packing-rings of pistons have themselves an initial spring or 
tendency to open themselves against the cylinder-barrel, by being 
turned in the first instance as a 


ring to a slightly larger diameter 
than the cylinder-barrel, after 
which the ring is cut obliquely so 
that the ring may be compressed 





Fig. 297. Fig. 298. 

and closed to fit the Ijarrel. The steam is prevented from passing 
through the oblique slit in the ring just made by the insertion of 
a gun-metal tongue-piece, A, fitting in a groove cut right across the 
slit (see Fig. 299). 

For the high-pressure pistons of marine engines, and also of 
locomotives, the packing-rings are generally small sfjuare spring 
rings of cast-iron or bronze, without springs behind them. 

Fig, 298 is a good type of stationary engine piston. 
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Figs. 299 and 300 are typical exaiiujjler of cast-steel pistons as made 
for marine work. They are much lighter than (;ast-iron pistons of 
the older type of the same dianieter, and, being conical in shape, they 
are also stiffer and more rigid. 

The small spiral springs botiind the packing-ring in Fig. 299 force 


I 



Fig 299. 

the ring against the cylinder-barrel, and they are capable of accurate 
and uniform adjustment. These springs are compressed so as to 
exert a pressure of about 2 lbs. per square inch of the bearing surface 
of the packing-ring.^ 

^ See Sennett and Oram, “ The Marine Steam Engine,” p. 231. 

■ S 


258 STEAM-ENGINE THEORY AND PRACTICE. 

♦ ' 

Too much care cannot be taken to obtain on the one hand a steam- 
tight piston, and on the other hand to secure steam-tightness with a 
minimum of friction. In horizontal engines the friction is further 
incroap<ad by the weigJit of the piston, and in horizontal stationary 
engines the practice of marine engineers of using light steel pistons 

might be followed with 
advantage. 

Fig. 302 represents 
views of a piston-pack- 
ing having a double ad- 
justment, as made by 
Messrs. Lockwood and 
Carlisle. The piston- 
ring is in two parts, and 
within the two half- 
rings is a compound 
spring, one part being 
helical, as shown in 
Fig. 302, and tending 
to press the packing- 
id ngs outwards against 
the cylinder walls ; and 
another part having a 
tendency to press the 
rings apart against 
the internal faces of the 
piston-flange and the 
junk-ring. This pre- 
vents the steam from 
passing the piston 
through the back of the 
packing-ring. 

Fig. 297 is a piston- 
valve fitted with the 
same kind of packing 
and spring-ring. 

Piston-speed varies in 
ordinary practice from 
about 300 to 400 ft. per 
minute in small factory 
engines, to about 800 
ft. per minute for ma- 
rine engines, and over 
1000 ft. per minute for 
the locomotive. 

The piston-rod is designed. to resist safely the stresses due to the 
maximum load on the piston, and the area of the rod is calculated at 
its weakest part. This is usually at the cotter end of the rod, where 
the method of connection is by a cotter to the cross-head (see Fig„ 
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303). Here the stresses change iflrection each stroke, being com- 
pressive during the outward stroke and tensile during the inward 
stroke ; and consequently tJie factor of safety must be a large one. 
The safe stress per srjuare inch at this section £m sieel piston-rods is 
8000 lbs. per square inch. At the other end of the piston-rod, wdiere 
the rod is turned down to take thp imt, the weakest part Is of course 
at the bottom of the screw-thread. Jt will be noticed, however, that 
tills part is subject to tensile stress only 

Cross- heads.— The cross-head forms a head for the purpose of pro- 
viiling a bearing or, support at the outer end i>f the piston-rod, and 
to which the conriectiug-rod is attaciied ^ 

by a pin passing through the cross- 

head. This pin is sometimes called ^ \ ^ 

the gudgeon. The cross-head varies P ■ >— — | \ ^ 

considerably in design, depending on T / 

th(5 shape of the guides and on the T ^ 

extent to which adjustments are fitted 
fur taking up wear on the brasses and on th(^ guides. 

The cross-liead and guides jirevent the oblicpie thrust or pull of 


Half Elevation 




Pki. 302. 


the connecting-rod from bending the piston-rod. This can be seen 
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by reference to Fig. 301. When the piston is being impelled forward 
so that the rotation of the cranh-pin is clockwise, tluni, if the con- 
necting-rod makes an angle 0 with the centre line as shown, the 
resistance at the crank-pin C causes a backward thrust Q through the 
connecting-rod, which may be resolved into two forceps, one, = P, 
tending to compress the piston-rod, and the other acting normally to 
the guides, as shown by T. 

Then Q = + T' 

also P = Q cos B 
and T = Q sin 6^ 

Again, when the piston is being driven in the opposite direction 
by the steam, the resistance of the crank-pin causes a downward pull 

on the cross-head end of the pis- 
ton-rod, the tendency again being 
to cause a downward thrust upon 
the guides. 

If the engines are made to ro- 
tate in the o})posite direction, the 
conditions will be reversed, and 
tlie thrust T will be always up- 
wards for both strokes of the 
piston, instead of downwards as 
before. 

It should be noticed, also, that 
when the crank-pin drags the 
piston — as it does, for example, 
when steam is shut off while the 
engine continues to rotate — the 
direction of the thrust on the 
guides is reversc^d ; hence the ne- 
cessity for a top and bottom 
guide-bar under all circumstances. 

The amount of thrust on the 
guide-bar, that is, the value of T 
in Fig. 301, varies according to 
Fig, . 303 . the angularity B of tlie connect- 

ing-rod, and to the position of the 
point of cut-off in the cylinder. The thrust is greatest when the 
crank is at right a,ngles to the axis of the piston-rod, providing 
cut-off does not take place before half-stroke, and is reduced to 
nothing at each end of the stroke ; hence the guide-bars wear hollow 
in the middle, and arrangements should be made for rt^moving the 
guides and trueing them up. 

It is usually importa^nt, in horizontal engines, that the engine should 
rotate in the direction in which the thrusts of the cross-head are 
taken upon the bottom guide-bar. This is especially so , for the sake 
of efficient lubrication. 

When engines are required to rotate in either direction equally. 
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the surfaces in contact between the block and the guide are made 
equally large ; but when the engine is intended to rotate always in 
one direction, or nearly so, as in the marine engine, electric light 




Fig. 305 


at the end of the*^ stroke, so that no ridge may be formed by wear, 
which would cause trouble if any slight change were made in the 
length of the connecting-rod due to wear or adiustment of brasses. 
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Fig. 305 represents one of the most used types of cross-heads and 
slide-blocks, arid one which is only being displaced by the necessity 
of diff(‘rently constructed engine frames to meet the greater working 
stresses due to high steam-pressure and more rapid reciprocation of 
moving parts, rather than by any inherent defect in construction 
or performance. It is essentially the locomotive pattern of twenty 
years ago, and was exclusively used for large fixed engines. The 
surfaces in contact with the slide-bars can be increased, so as to have 
very low working pressures without unduly increasing the cross-head 
and gudgeon. 

Figs. 304 and 305 are examples of what might be termed "the 
marine type of cross-head, for it is universally used with the slide-bar 
attached to the back standard of marine engines. The head is forged 
solid with the piston-rod. The slipper is made adjustable, and can 
be packed out from the head ; or the slide-bars .can be packed up 
from the standards, and the top strips let down. 

Fig. 306. This cross-head is used between channel slide-bars, and 
also in the Corliss type and with other trunk beds. Adjustment for 



Fig. 30a 


wear is obtained by taking out the liners and drawing the slippers 
up the inclined faces. The cross-head is usually made in cast steel, 
and the slippers are cast iron. 

Fig. 307 is a good example of a light cross-head suitable for 
high-speed engines. The wearing surfaces of the cross-head are 
large in proportion to the diameter of the piston-rod. The gudgeon 
is fitted with an oil-box, which is droj)-fed in vertical engines, and 
wiper-fed for horizontal engines. The gudgeon is cut away at each 
side so as to t form a relief corresponding to the recess in the brasses, 
and to give the wearing surfaces an over-run, and so prevent the 
formation of a shoulder when the gudgeon wears. 

The slippers are secured by studs, which are riveted on the wearing 
faces and suitably filed clear so as not to have contact ' with the 
slide-bars 

The cone attachment of the gudgeon is a good feature, and makes 
a very solid arrangement. The split cone allows the gudgeon to be 
always held true, and any slack to be taken up truly. 

The sides of the (;ross-head are prevented from closing under the 
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nip of the gudgeon nuts by projecting nipples oii the slippers. The 
slippers can be adjusted by inserting sheet-brass when necessary. 

The best designs of cross-heads ha>ve low prespufes on the slip]')er 
face, and if kept below 40 lbs. per square inch, 'adjust^ments are almost 
an unnecessary complication. 

The pressure on the guide sni-race ^sliouii^i not exceed 100 lbs. 
per square inch as a maximum. The maximum pressure on the cross- 
head pin should not exceed 1 200 lbs. per souare inch of diameter x 
length. 



Fig. 307. 

The Connecting-rod. — T'igs. 308 to 311 show designs for a connect- 
ing-rod of the marine type. This design is also lai’gely used for land 
engines, both horizontal and vertical. 

The weight of this type of connecting-rod is less than that of other 
types suitable for the same size of crank-pin. It is especially suitable 
for high-speed engines, on account of the smaller amount of crank- 
balance required. 

The interspace between the cap and body of the large end is 
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usually fitted with brass fillers, as shown at A, Fig. 310 ; the fillers 
are retained in place by small studs as shown, and they can be 

withdrawn when the rod- 
end requires adjustment 
by slacking out the main 
nuts and lifting the fillers 
ofi* the studs without re- 
moving the studs. This 
saves taking down the 
whole of the large end, 
and effects a great saving 
of the time required to 
adjust the brasses. 

All brasses forming a 
semicircle tend to close 
u])on the pin when 
heated, unless forcibly 
prevented. In this de- 
sign the brasses are held 
in place by side screws 
and by the i>acking be- 
tween the brasses. 

In order to further 
minimize the risk of clo- 
sure of brasses uj)on the 
pin, it is usual to cast 
or cut away recess(\s, as 
shown at c. Fig. 309. 
The surface need not be 
cut away* thi*ough the 
Fk;. .S 08 . whole length of the bear- 

ing, for the oil is retained 
bettor if the recess is stopped at each end about ^ to A in. from the 
beginning of the radius of the crank-pin junction with the crank- 
webs. 

In large end connecting-rod brasses for 6-in. crank -pins and 
upwards, babbit metal strips are fitted in slotted recesses, as shown 
in Fig. 308. The surface of the babbit strips is usually lc;ft projecting 
in. above the surface of the brass. The bolts bear on each side of 
the brasses, and are usually relied upon to prevent the brasses from 
turning when the })acking pieces are filed thin. 

Fig. 312 shows a fork-ended connecting-rod with outside bearings 
for attachment to a solid cross-head. It was a type largely used 
some years ago on Lancashire mill engines, but is now largely dis- 
placed, by more direct and less expensive forms of connecting-rods. 
The higher speeds and pressures of to-day necessitate the line of 
pressure between cylinder and crank-} >in being maintained as nearly 
in a straight line as possible, hence- the success of the single-jnston 
rod-brass as against the double set of brasses of the forked connecting- 
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rod, with the flat beds and wide- spreading gudgeons of some years 
ago. In the latter type it is almost impossible to maintain the 
perfect alignment of the eonnecting-iod, and if the brasses on both 
sides are not adjusted exactly similarly, the work is liable to be done 
on one side of the fork only, in which case fracture at the root of 
the fork may occur. 



Fio. 309. 

Fig. 31.3 is an example of the best type of forked connecting-rod 
end, and is used in conjunction with Fig. 311. Great care must be 
exercised in forging this type of rod end, so that the grain of the iron 
follows the jaw. If the grain crosses the forked part of the rod end, 
flaws are often developed, and in view of this it is well to allow a 
little greater factor of .safety at these points. 

Fig. 314 shows a connecting-rod suitable for 10" x 10" X 16" double- 
cylinder portable engine. The large end is a simple form of strap 
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Fig. 312. 
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type connecting-rod. The taper cotter is used for adjustment in 
conjunction with an equal- 
taper gi>), which holds the 
end of the strap and preventr 
it from opening. 

The gib and cotter together 
form a parallel couple, and 
in adjustment maintain the 
alignment of the connecting- 
rod. Two gibs are some- 
times used, one on each side 
of the cotter, the taper on 
the cotter in this case being 
halved, and the gibs being 
made with tlie same taper. 

For very high speeds the 
strap type is not so good as 
the marine type, for it has 
a tendency to bend under the 
throw of the connecting-rod, 
and, so opening out, to leave 
the brasses a slack lit. When 
the strap type is used the strap 
must be made extra strong, as 
in the locomotive connecting- ^ 

rod, Fig. 315. The small end 
of the connecting-rod is solid, 

and suitable for trunk guides. The adjustment is by a fine -threaded 





Fig. 314. 
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screw, and is satisfactory for small engines, but not suitable for vfiry 
great pressures, owing to the smaU area of the thread on the screw. 
The thread must be 
a fine vee thread, 
to prevent slacking 
out under the re- 
peated loadings. 

The brasses in all 
bhese examples are 
shown close-fitting 
at the joint, or, as 
it is usually termed, 
metal to metal. 

In cheaper classes 
of machinery it is 
usual to machine 
the brasses solid, 
and when they are 
fitted, to part them 
with a narrow tool, 
and fill the space 
with wood or leather _ . 
strips. 

Fig. 315 shows a 
locomotive connect- 
ing-rod end of the -pm. 317, 

strap type. It will 

be noticed that tli(i end is proportionately much stronger than the 
preceding example, and is the outcome of locomotive experience in 
actual working. The surfaces of the brass are recessed, and the 
recesses are filled with babbit metal. The inner surface of th(^ bear- 
ing is radiused to suit the crank-pin, which is made of a gradually 
reducing section to avoid sudden changes of section. 

Figs. 310, 317, and 318 show designs for the large end of a con- 
necting-rod suitalde for engines having overhung crank-j)ijis, as in 
the disc typci. 

The adjustment can l)e placed at the inner or outer end of the 
brass, so as to give adjustment in either direction. All connecting- 
rods should be designed so that the large and small end adjust- 
ments act in the same direction, and thus practically maintain the 
centres of the crank-pin and gudgeon at a constant distance. When 
the cylinder clearances are cut down to -t in. or in., the length 
of connecting-rod must remain approximately constant. When 
connecting-rods (Figs.* 316, 317, and 318) are used, the crank -pin 
is fitted with a loose cap, having a nipple going into the recess 
in crank, and held in place by studs and nuts. The connecting-rod 
end is put together complete and passed sideways into the crank-pin, 
and the cap then put on the end of the pin. 

A great advantage is obtained in having the connecting-rod made 
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Fig 318. 

all in one piece, without loose 
attachments, such as caps, straps, 
etc., for should the adjusting 
pieces slack back or fly out, the 
connecting-rod cannot get adrift 
entirely. 

Fig. 319 gives a design of a 
large end for the connecting- 
rod used on the inside crank 
of the Webb Compound loco- 
motive, and competes closely 
with the marine type connect 
ing-rod end for general adap- 
tability and lightness. 

Fig. 320 is the large end 
of the connecting-rod for Sis- 
son’s high-speed double-acting 
engine, showing a spring self- 
i^l9. adjustment, keeping the brasses 

always up to their work, and 
enabling the rod to yield in cases of accidental heating. 

Main Bearings.— Tlie main bearings carry the crank-shaft, and 
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through them the stresses due to the steara-pressures on the piston 
are transmitted to the engine framing. 



Fig. 320. 


It is important that the main bearings should be set so as to 
maintain the true alignment of the crank-shaft, and they must be 
so fitted that when wear occurs the brasses may be readily removed 
and adjusted to prevent distortion of the shaft. 

For large main ])earings, such as are used in marine work, the 
bottom brass of the luaiii bearing is preferably made concentric with 
the shaft, so that it may be revolved round the shaft and removed 
without taking out the ci\ank-shaft. 

To prevent heating of bearings, it is important that the bearing 
surface should be sufficient to prevent undue load, p, per sejuare inch 
of bearing surface, reckoned normal to the load, namely, = diameter 
of journal x length of bearing. The pres- 
sui*e on main bearings varies from 600. lbs. 
per square inch for slow engines, to 400 lbs. 
for quick-revolution engines (Unwin). 

The nature of the material of the bearing 
has much to do with its satisfactory work- 
ing. The “ brasses should be made of a 
metal which will easily stand a jiressure per 
square inch greater than that likely to be 
brought upon the bearing ; at the same time 
it should be a comparatively soft metal, so 
as to reduce the ])ossibility of injury to the 
shaft f)y heating and seizing of the shaft 
and bearing. 

According to experiments made by Mr. J. Dewrance, he concludes 



Fig. 321. 
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that the oil should be introduced into a bearing at the point that 
has to support the least load, and aii escape should not be provided 
for it at the part that has to bear the greatest load.” 



*‘The proper point to introduce the oil is just above the joint of 
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the bearing at the side (Fig. 321). There the oil is distributed over 
the shaft and carried to the point of greatest pressure. ... It is 
desirable that each half-bearing should have its own supply of oil.” ^ 

Fig. 322 is a good example of a main bearing as used on high-class 
fixed engines. 

The main frame of the engine can be cast solid with, or jointed 
to, the main bearing as shown. The bearing is fitted with Jlabbit 
metal in suitable recesses, care being taken that no j)art of the 
cast-iron shell is in contact with the shaft. 

The bearing is in four parts, and is fitted with two wedges at each 
side, which permits of a ready adjustment of the ])ea]ing after wear. 

The cap is clipped over the upstanding jaws of the main pedestal, 
and when bolted down it makes practically a solid eye, in which 
the main bearing is gripped. 

The bearing is lubricated by sight-feed lubricators. In largo 
bearmgs the cap is usually cored out so as to form a tallow-box. 
and the lubricators are attach(‘d io a cov(U’, which can be easily removed 
if d(^sin^d to inspect the bearing while the engine is in motion. 

Engine Frames (Fig. 323). — Jn designing the frame of an engine, 
care is taken to distribut-e the material so as l)est to deal with the 
str(}ss(‘s transmitted from th(‘ ])iston to th(i cra,nk-])in. 

‘ Formerly in horizontal (‘nghi(‘,s the cylind('r-guid(‘S and main 
bearings W(‘re bolted sej)aratcly on the be<l, which was itself out of 
the Urn; of stress, and was subji^ct to a Ixuiding action at (vich stroke 
of the engine. Th(^. modern engine fi-ame is designed with more 
regard to the work it has to do, taking the sti’essos as din^ct as 
possible and moia^ nearly in the centre litie of the frame. Figs. 323, 
324 are details of the, (uigine-bed for a horizontal mill engine. 




In vertical engines, especially for the navy, tht) dimensions and 
weight of the engine framing have been greatly reduced compared 
with the older class of engines (see the chaj)ter on ‘‘'The Marine 
Jhigine ”). Idiis has beiui possible by the introduction of a high quality 
of steel and steel castings in the place of wrought iiam and cast iron. 

* Proceedings Jnsf. C.E.y vol. exxv. p. I]59 



CHAPTER XVJIJ. 

, FRICTION OF ENGINES. 

If an indicator diagram be taken wbeii there is no load on the engine, 
an attenuated diagram will be obtained, enclosing a work-area 
representing the work re(\uired to drive the engine itself against 
its own friction. 

From experiments made by Dr. Thurston, it was shown that, under 
usual conditions, and at all ordinary speeds and steam -pressures, the 
fi'iction of the engine remains practically constant, and that the 
friction-card of tne engine when unloaded represents also the friction 
of the engine when fully loaded. 

These conclusions have been fre(|uently confirmed, and the 
following diagram giving the results of trials Of a compound Willans 
engine illustrates the same fact, namely, that there is practically a 
constant or a nearly constant diflerence at all loads between the 
and the B.D.P. of an engine. 



id 20 30 40 50 


MEAN PRESSURE. 

Fig. 32 . 5 . 

The mechanical -e pi cicnri^ curve is drawn for any engine by taking 
the value of B.II.P, ~ I.K.P. for various mean pressures, and setting 
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up the value of the fraction to a vertical scale of percentage. By 
Joining the points thus found the curve is obtained. 

From Fig. 325, we see that at a mean pressure of 9 lbs. per square 
inch (referred to the L.P. piston) the efficiency was only 50 per cent., 
while at 50 lbs. mean pressure the efficiency was 93 per cent. 

It will thus be evident that, so far as the mechanical efficiency 
is concerned, an engine should be worked up to its full load to obtain 
the maximum efficiency. The friction of an engine does, no doubt, 
to some extent increase with the load, but the proportional increase 
is so small as practically not to affect the result. The above remarks 
assume perfect efficiency of lubrication. 

Dr. Thurston gives the following values for the relati\;c distribution 
of ' the friction in an engine with a balanced slide-valve : Main 
bearings, 47*0 per cent. ; piston and rod, 32*9 ; crank-pin 6*8 ; cross- 
head and wrist-pin, 5*4; valve and rod, 2*5; and eccentric-strap, 
5*3 per cent. 

The frictional resistance of engines in genei’al varies from about 
8 per cent, to 20 per cent, of the full power. 

Mr. M. Longridgo estimates that the total internal frictional resist- 
ance in driving the engine itself unloaded is equal to a pressure varying 
from 2 lbs. to 3| lbs. per square inch of low-pressure-piston area. 



CHAPi'ER XIX. 

BALANCING THE ENGINE. 

{Since the introduction of high rotatiunal speeds, the (piestion of th^ 
balancing of engines to prevent vibration has bc^en much con- 
sidered. 

Jf the moving parts of an engine could be perfectly balanced, then 
the engine, if suspended, could be made to rotate in mid-air without 
any motion due to inertia of the moving parts. But ordinary engines 
are far from being perfectly balanced, and the inertia uf the moving 
})ai*ts of higli-speed engines causes large and rapidly varying stresses 
in the frame and foundation of the engine. 

F>y the application, liowevcr, of properly placed and properly 
])roportioiicd balance-weights, combined with care in the general 
design, much can be done to reduce vibration to a minimum. 

Effect of Inertia of Reciprocating Parts. — Considering first the 
(‘ffects (Ui vibration of t he inertia of the reciprocating j)arts. 

In Fig. suppose the piston to bo at the end A of the stroke, 
and the crank to be on the dead centre ; then if steam be admitted. 



and the total force on the piston is ec^ual to 4000 ll^s., this force acts 
pressing on the cylinder-cover and piston equally. There is then 
a stress of 4000 lbs. acting in the bed-plate, the pressure on the cover 
pressing the biigine to the left, and the pressure on the piston 
pressing the engine to the right, acting through the crank on the 
main bearing. The forces are equal and opposite, and cause a stress 
in the engine, but do not tend to move it upon its foundation. 
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But Mban the piston moves, part of the steam-pressure acting 
on the piston will be absorbed (as we have previously seen) in 
accelerating the piston and the other reciprocating parts, and will 
not be felt on the crank-pin. Suppose that the amount of such 
pressure absorbed is 500 lbs. ; then we have 4000 lbs, acting on the 
cylinder-cover, pressing the engine in one direction, and 4000 — 
500 = 3500 lbs. pressing against the crank-pin in the opposite 
direction, making a net stress in the bed-plate of 3500 lbs., and a 
further pressure of 500 lbs. tending to press the engine to the left. 

The difference between the pressure on the cylinder-cover in one 
direction, and the pressure on the crank-pin in the opposite direction, 
gradually diminishes up to about half-stroke —depending on the 
length of the connecting-rod — where it becomes zero, and beyond 
this point the force is -in the opposite sense, owing to retardation of 
the reciprocating parts ; and the tendency now is to push the', engine 
to the right, owing to excess of pressure on the crank, the difference 
gradually increasing to the end of the stroke. 

On the return str(^ke the excess of pressure on the bed owing to 
the acceleration of the piston is still towards the right, and remains 
so, though to a gradually decreasing extent, to mid-stroke, when the 
force again changes in sense, gradually increasing to a maximum to 
end of stroke. These effects arc clearly shown by the diagrams 
which follow. 


The effect of CA)niprcHHlon or cushioning of the steam in the cylinder 
during the retardation of the reciprocating parts is to remove the 
retarding force (acting as driving force) from the crank-pin and 
transfer it to the cylinder, where we now have, however, the same 
net result on the engine fratne, only the stress is applied to the 
cylinder-cover instead of to the crank -pin. In this way the stress 
due to retardation is removed from the crank-pin at a time when the 
force so acting is not acting as turning effect, and the work of 
retardation is stored up instead in the compressed steam ready to act 
on the piston during the return stroke. 

Effect of Unbalanced Rotating Parts. — A further cause of tendency 
to rocking of the engine and vibration of the foundations is the 


^ centrifugal force of the rotating 

/ \ parts acting at the main bear- 

62b consisting of the un- 

y balanced portions of the crank- 

shaft itself, and including a 

portion of the weight of the 

L connecting-rod. 

J \[ II Dealing first with the crank- 

shaft itself, the extent of the 

W 

Fig 327. centrifugal force '= - wV, where 

r == radius in feet of centre of gravity of unbalanced parts about 
axis of rotation, co = velocity in radians per second. 

To take an actual example, Fig. 327 is a sketch of a small crank. 


Fig 327. 



BALANCING THE ENGINE, 


V9 


1 = i'.»‘ >< »■’») + ('■■ -< »)i ^ X »■“ >'»■ 

— 55 lbs. 

Weight of two arms = 110 ^bs. 

Weight of pin enclosed by \ ^ ... -s , 

end of connecting-rod ( “ ^ 

= 17-6 Ibi. 

To lincl centre of granty x of nr.babxnccd portion of crank 
,(Fig. 328)- 

(l.O X 3) ;■ (.I' j X 6) 127-6 X » 

* X — 3 '4 inches 

Koferring 4his to the crank j in, that is, finding tiie equivalent 
weight (x) acting at a radius of rotr.tion etiual to that of the crank- 
pin — 

11:7*0 X 3*4 = X X 0 

X* 72*3 lbs. 

The centrifugal force F acting on engine bed at three hundred 
revolutions 

72-3 o 


= 1114 lbs. 


S(Hioridly, if a ])ortion of the mass of the connecting-rod bo con- 
sidered as conceiitrai/cd at the cejitre of the erank-])in, then the total 
eeiiirifugal forces is iiicrc'ased in di 1*0(4 pro 
iiortion to the increas<^ of mass. - 6 '- 


4 lie forces jiroducing the effects abov(‘ 
referred to may bt^ apprijximately balanced, 
so far as (concerns the stress(;s parallel to 
tlie line of stroke, by addition of rotating 
counterbalancing masses, so arranged that 
tluj forces set up by them during rotation 


k <X 



!{0 4 I7G 
Fig. 328. 

ai*e together equal and 


o])j)osite in tlieir (effects to the forces they are intended to balance. 


Tlie balance eannot 
b(^ obtained by meyns 
of a single mass, be- 
cause it could not be 
jilaced directly opjiosite 
the centre of the crank- 
pin, and if the balanc- 
ing mass is not in the 
jilam? of the force to 
be balanced, an un- 
balanced C(.)up]e is pro- 
duced which itself sets 



up vibration on a plane Fig. 329. 

at right angles to that of the original force. 
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This ditii(*ulty is overcome by dividing the balancing mass and 
distributing it on each side of the crank in accordance with the 

following principles : — j i j j , 

The extent to which balancing masses should be added depends upon 
circumstances, to be more fully considered presently ; but suppose it 
is decided to balance the mass Wj, which is equivalent to the follow- 
iiig masses, all supposed to be concentrated at the crank-pin and to 
rotate at the crank radius, namely, unbalanced part of crank- webs -f- 
cnink-pin -f a proportion (say HO ])cr cent.) of the mass of the connect- 
f half mass of reci])rocatiiig parts. 

Let balancing masses \Y, and be placed on the wheel rims, 
opposite the crank, so that^ — 

W,r, = Wor, + W,r, 

This secures a balance of the centrifugal forces ; also — 

X a = X h 

This })re vents the formation of a couple tending to turn the engine 
about an axis in a plane at right angles to the engine-shaft. 

Foi' the case of a two crank-engine, as a locomotive (Fig. 330), the 

same princij)les are aj)- 
plied. Thus, let W' 
and W" (Fig. 331) re- 
present the mass at tlie 
res])ective crank-})ins 
recjuiring to be ba- 
lanced. Then, taking 
each crank separately, 
the two balancing 
masses iv.^ and w.^ are 
placed in the wheels 
so that W'r' = wjr, -f- w;.;?*.,, also so that = w.^r]D, 

Tt will be seen from the last eojuation that the heaviest balancing 
mass is placed in the wheel nearest to the crank to be balanced. 

Similarly, balancing masses and will be placed one in each 
wheel respectively, and opj)osite to the mass W", and these weights 
are proportioned as already explained. Thus in each wheel there 
are two balancing masses, the heavier belonging to the near crank, and 
the lighter to the far crank. 

Instead of having two separate masses in one wmeel, a single resultant 
mass may be substituted. Thus, suppose that in an actual example 
the large mass retjuired is 252 lbs., and the small mass 92 lbs., then 
the resultant mass is found graphically as shown in Fig. 332, both in 
magnitude and direction, and — 

R2 = (252)2 -f. (92)2 
K = 268 lbs. 

As a design which reduces the necessity for counterbalancing 
masses in the wheels of the locomotive, may be mentioned that for 
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the Glasgow and South-Eastern Railway by Mr. Manson, which 





Fm. Xn. 

^^nsists of four high-pressnre cylinders all working on one axle. Two 
placed ijisido under the srnoke-box, driving on the 
orankful axle, and two outside, driving on crank- 
piiis on the drivirig-wh(^els. On each side tlie out- 
side crank is opposite the inside crank, so that the 
r(ici};rocating niassi^s balance each other (except for 
the effect of the shortness of the connecting-rod). 

-Diagrame of Unbalanced Forces for a Single-crank Engined— The 
following diagrams illustrate the means of representing by a curve 
the direction and magnitude of the forces /icting on the engine-bed 

a single-crank engine. 

1. The (-entrifugai force due to tlie rotation of the unbalanced 
portion of the crank-shaft ; — 

Draw a circle from centre A with radius AB (Fig. 333), the length 
of AB representing to scale the centrifugal force due to the un- 
balanced portion of the crank-shaft itself = where W = weight 

g 

of unbalanced portion of crank-shaft referred to crank-pin, and 
r = radius of crank-pin })ath in feet. 

Taking the same values for W and r as arc given for Fig. 327, tlien— 

W 

Length of AB = — wV 

X i 

= 1114 

* See also “ Graphic Methods of Engine Design,’* by A. H. Barker. 


72-3 (2^ XJO 

32 ^ (60Y" 
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^his length is then measured from the scale shown by the side of 
the figure, and, the circle through B is drawn. The numbers marked 

on this circle represent 
the several positions of 
the crank-pin during 
its rotation about centre 
A. It is important that 
these figures should be 
inai'ked on the draw- 
ing, in order to follow 
the operation clearly. 

2. The force required 
to accelerate the con- 
necting-rod may be esti- 
mated by a separate 
construction ; but it is 
convenient in practice 
to consider part of the 
connecting-rod as con- 
centrated at the crank- 
j)in, causing a pi'opor- 
tional increase of cen- 
trifugal force in tli^ 
crank, and part at the 
cross-head, as addition 
to the mass pf the reci- 
pi’ocating parts. The 
pro])ortional distribu- 
tion of the weight of 
the connecting-rod is 
determined by finding 
the centre of gravity, 
(jr, of the rod, as at Fig. 
and dividing the 
GP 

mass HO that is 


1000 


2000 


3000 H 


4000 



Fig. 333. 


"BP 


.BG 


centred at the crank-pin, and at the cross-head.^ 

In accordance with this method, a distance BO, Fig. 333, is set off 
from B equal to the centrifugal force of the added weiglit = ^ w-r, 


GI 


0 


where W = mass of the connecting-rod, and r ~ the 

crank-pin radius in feet. 

Thus, for the engine under consideration 

necting-rod 80 lbs,, and (Fig. 334) if = 0*8, then 
64 11)8. ; also, since 300 revolutions per minute 
* Effects of gravity are neglected. 


the mass of the con« 
if = 0-8, then 80 x 0-8 = 
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X i = 980 


=-• length of BC to scaie 

and the circle of radius AO (Big. 333) is drawn re’^resenting the 
total constant centrifugal force aouing through the craiik and in the 
direction of the crank on the main beaiing. 

3. The force retjuired to accelerate the reciprocating parts of the 
engine is represented for crank position AH (Big. 333) jy the vertical 
line Cl), and the vertical 
lines throughout th^^ figure 
beyond the circle through / Z' 

0 represent this force for Z \ 

the various crank-pin posi- \ ^ / ^ 

tions during a complete re ^ ^ 

volution, being a maximum ' 00. 

1 • • i\ 1 /» rlO. lol. 

at crank positions 0 and o, 

and zero at or near crank positions 3 and 9 depending on the length 
of the connecting-rod. 

To obtain the value of this force CD for any position AB of the 
crank, the construction due to Klein, and published in the Jounial 
of the Franldin Institute^ vol. 

132, September, 1891, is very 
conv(mient. Thus, if OO (Fig. / 

335) = the position of the / A' — 

crank, and CP = that of the / U 

connecting-?rod, then, if OO / 

re])resents to scale the radial 'p ^ \ 

accelei'ation of the crank-pin ; 0 ; 

C := ujV, the acceleration of '' 

tiu^ reciprocating mass at P ’ ' / 

is obtained by the follow- 
ing construction ; Produce 
PC to meet the perpendicular 

through O in N ; draw a circle on PC as diameter ; with centre 
C and CN as radius, draw a circle to cut the circles on PC in BB, 
and produce if necessary the line BB to cut OP in E. Then OE 
represents tiie acceleration of P to the same scal(3 as OC represents 
the radial acceleration of C. To find the length of CD, Eig. 333, 
by the scale of force for position AB of the crank — 

Let mass of reciprocating parts, includ-. | _ 235 lbs 
ing 20 per cent, of connecting-rod 4 


-K'n 


Fig . 3 . 35 . 


Force to accelerate reciprocating parts 




= 2218 lbs. 

= CD (Fig. 383) 

In the same way this force may be calculated for all points of the 
crank-pin path, taking in each case the respective values foi 
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OE 4“ OC obtained by Klein’s method. In Fig. 336 the diagram is 
drawn for another position of the crank. The reference letters 




Fm. 337. 


are common to both figures. When the crank is on the dead centre, 
the construction becom(3S as shown in Fig. 337. 

If the respective values of OE at vaiious positions of the piston 

. stroke are set off above and below 
^ — |B a horizontal base, as at OE' (Fig. 
338), then a curve AB of acceler-a- 
tion of reciprocating parts is ob- 
tained, which is the same as that 
already described on p. 242. 

An algebraic ex]>ression which is 
very nearly exact for the force accelerating the piston is — 

W .> 7 1 

- (D-r C()H 6 A — coH 20 
<j \ n 



Fig. 338, 


in which n is the ratio of the length of iho, connecting-rod to the 
crank radius, and 0 is the angle turned through by the crank-shaft 
measured from the inner dead centre. 

Applying this formula to find the length CD (Fig. 333) when the 
crank is at 30 ' — 


Acceleration at 30*^ = 


cos 30® + i cos 60“ (i)V 

?i / 


= 0-977<.)V 

Then CD= —u>^r x ()'977 
<J 

Prof. Dunkerley gives ^ the following useful geomc^trical construc- 
tion exemplifying this formula : — 

Let the outer circle (Fig. 339 be drawn to scale, with radius AP> 

W « 

^ r, and let this represent to a force scale wnere W = weight 

^ Engineering, June 2, 1899. 
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of the reciprocating parts. "Draw t>i^o small circles touching at tho 
centre A, having their diameters along 
the line of stroke, and so that their 

radius AE = ~ times the crank radius. 
n 

Then angle GEF = 2 (angle GAE; 

- = 28 
and CD is made = EF 

r ( cos ^ + - cos 26 ' ~ AC ^ EF -- AD 

that is, the force of accelercition of the 
reciprocating parts for any crank positi(.)n 
W AD 

B - w'h’ X * to the force scale. 

g AB 

Mr. »J. W. ICershaw gives the following convenient geometrical 
construction for obtaining six poiiits in the cuin e (Fig. 340): — 


Fia 840. 

The inertia line CD is first drawn in the usual way for the 

W 

infinitely long connecting-rod, making AD = BC = — ojV. 

Points E and F in the curve are obtained by making DE = CF 
= ~~ AD, where n = ratio of connecting-rod to crank radius = 3 : 1 in 
this case. 

To find two more points, namely, for positions 45® and 1 35'^’ of the 
crank : first find the piston position B for crank at 45® with an 
infinite connecting-rod — that is, make KR = ON ; then find true 
position H of piston with short connecting-rod — that is, make 
PH = OK. But force due to inertia at R for infinite connecting- 
rod is known, and is equal to RT. Draw a perpendicular from H, 
and make HS - RT ; then S is a point in the curve. The same 
construction is followed to find S'. 

Point S'' is obtained by drawing crank position OP" at 90®, and 





Fjo. 339. 



286 


STEAM-ENGINE THEORY AND PRACTICE. 


finding corresponding piston position H" for short connecting-rod; 
then draw perpendicular to AB, making H"S'' = ED. 

The point V is obtained as in Fig. 283. 

Then the six points E, S, V, S", S', F arc found, and a free curve is 
drawn through them. 

Then for any crank position P', P", P, etc., the force duo to inertia is 
obtained by measuring the height HS for the corresponding piston 


W HS 

position H, and finding the value of ^ 

The proof of this construction for the positions of points S, S', S' 
respectively is as follows : Using for the force F duo to inertia for 

W / 1 \ 

any angle d of tthe crank the formula F = — wV ^cos ^ ~ 2^ j, 


then for 45'\ since cos 2d = cos = 0, the last term disappears, 
W 

and F is now == — cos d, which is the same as for the infinitely 

long (;onnecting-rod ; therefore HS = IIT. Similarly, H'S' = K'T' 
at 135-. 

When d = as for crank position OP", then — 


F = (cos 90° - cos 180°) 

<j \ n / 

= orr ( 0 ) 

(J \ nJ 


because (;os 90° = 0 ; and cos 180°= —1. Therefore for crank 
posit ioji 90° — 

F = ( --) = FC = DE = H"S" 

!7 V «/ 


Having obtained, by any of the above methods, the value of the 
forces for the several points in the crank-pin path, and the direction 
and magnitude of the resultant at each point, then by joining the 
extremities of the resultants, as at 1', 2', 3', etc.. Fig, 333, we obtain 
the full curve A'. 

This curve shows very clearly what are the magnitude and 
direction of the resultant forces acting throughout the revolution ; 
thus, supposing the engine to be vertical, and the crank to be turning 
clock Mdse about centre A, then the vertical components acting 
upwards upon the engine-bed are seen to bo a maximum when the 
piston is at the bop of the stroke, gradually decreasing to zero at about 
mid-stroke, and again gradually increasing in a downward direction 
towards the bottom of the stroke On th(^ return of the piston from 
bottom to top of the stroke, the vertical forceps still continue in the 
same doM award direction, gradually decreasing to zero at about 
raid-stroke, after M'hich they change direction and agaiii become 
a maximum in the upward direction at the top of the stroke. 

The gradual way in m hich these changes take place is shown by 
the smoothness of the contour of the curve. 
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Effect of Addition of Balancing Masses,— Suppose masses added 
to the crank, as shown in Fig, 341, which will produce forces equal in 
magnitude and opposite in direjtion to the unbalanced portion of the 



cr, 'ink-shaft. The cllbct (d‘ tliis will bo that the force reprc^sonted by 
Ali, Kig. 333, will be neutralized, and this circ^le will therefore dis- 
appear from the figure, 

Tim T'emaining forces !>(/, CT) (Fig. 333) are set oil’ in magnitude 
and direction as before (Fig. 342), commencing with HC = the centri- 
fugal force due to thci portion of the connec ting-rod supposed concen- 
i7*atecl at the crank-pin, and which is measured from the centre, and 
drawing Cl > as bc^fore, for the acceleration due to the reciprocating 
])arts. 

The original curve A' will thus be reduced to curve B' by finding 
the new ri^sultaats for magnitude and direction, and setting then^ off 
from the centre B of Fig. 342 for the successive crank positions. By 
Joining the extremities of thc^ new resultants, the reduced curve of 
forces, curve B', is obtained. 

To carry the balancing still further, suppose balancing masses 
added sutlicient to balance not only the unbalanced portion of the 
crank, but also the whole mass of the (;onnecting-rod. 

lieferring to Fig. 343, the balancing force now required will be 
= AB, whitdi repj'osents the amount required to balance the crank- 
shaft itself, plus BO, the portion of the connecting-rod supposed to 
be concentrated at the crank-pin, plus CE, the further force required 
to balance the remainder of the connecting-rod. 

The conditions are now as follows : AI) (Fig 343) is the resultant,, 
as before, of the original forces for position AB of the crank ; and 
we have now to find the resultant effect of two forces, namely AD 
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and that due" to the balancing mass, whose centrifugal force = AE 
acting in a direction opposite to the crant 
This resultant is obtained by joining E to E. Then ED is the 
resultant required for crank position AB. In the same way the 
resultant may be found for successive positions of the crank. 

If now lines be laid ofl' from centre A, equal and parallel to the 
respective resultants, in the same way that A1 is drawn equal and 



Fig 342. Fig. 343. 


parallel to ED, the successive points 1, 2, 3, etc., will be obtained 
through which to draw the force curve C\ Care must be taken to 
work round the crank positions in successive order, and to mark the 
corresponding crank number on the force curve. It will be noticed 
that the numbers on the force curve C' — when drawn in accordance 
with the direction of the resultaht^ — have changed sides, and that 
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they proceed round the figure in the opposite direction to those 
on curve A! (Fig. .343). Frcm this it will be evident that if 
any further balancing mxss is added, the result will be that curve 
C' will become flatter 
vertically and more 

extended horizontally ^ 21.^ 

(see curve D', Fig. 344), , 

The extent to which 

such balancing should — 

be carried will depend 

upon the judgment .>t‘ / / \ 

the designer, ' V / \ / 

Curve P' (Fig. 341) / 7 \ 

has been drawn for a / /'^ 

balance weight whose / / / ' 

centrifugal force is re- JCIk / ji 

presented by the radius / / \ 

of tlie circle M. These / ' / \ 

diagrams show how the i / / * 

problem of balancing ! ( 

IS affected by tlie speed i Y // i 

of rotation, for since all | N. // \ i 

the forces are proper- - \' 

tional to a>V, they in- ^ Xl 

crease in magnitude as \\ ^*****’^^ 

the square of the angu- j \ \ ® j 

lar velocity, and only j \ \ I 

directly as the radius, j \ \ ! 

and therefore an in- \ \ \ / 

crease of re \ olutions per \ \ / 

minute rapidly increases * \ \ / 

the magnitude of the \ 

force curve. ' \ 

Tlie ordinary quick- \ \ / 

revolution engine for \ \ y 

electric lighting runs at 

from two hundred to six ^ — 

hundred revolutions per ^ 

minute according to Fig. 344. 

size, hence the great 

importance of attention to balancing in such engines. 

Curves showing Vertical Components of Unbalanced Forces on Foun- 
dations of Vertical Engines due to Inertia of Moving Parts.— The 

diagrams constructed in the form of an ellipse in Figs. 333, 342, 343, 
and .344 may be drawn on an extended base (representing the unfolded 
crank-pin path), the vertical resultants of the forces for each successive 
position of the crank being used as ordinates, which when joined form 
a series of wave-like curves. 

By this form of r^P^^s^ntation the net upward or downward 



SINGLE gRANK 


»^o STEAM-ENGINE THEORY AND PRACTICm 

{pressure oa the fdandations result 5ng from combinations of engines on 

one crank shaft may be 
well seen. 

Single-crank Vertical 
Engines. — Fig. 345 
shows a curve, AA, 
which is drawn by first 
taking a horizontal line, 
XX, to represent the 
unfolded crank-pin path, 
and dividing it in a 
scale of degrees. Then 
for any number of posi- 
tions of the crank, a 
vertical line is set up 



4x 


it—fiOT— i— 


Kf- “i— 27(f-- 360- - <■ 
Fir. S45. 


representing the vertical component of the unbalanced force whose 
height a above the base line, or of h belov the base line, is equal to 
the vertical component of the resultant force for the corresponding 
crank position as found on the elliptical diagrams Fig. 333, etc. 

Thus, comparing. Figs. 333 and 345, the position AB of the crank 
(Fig. 333/ corresponds to the 30° position (Fig. 345), and, considering 
the case of a single crank ^t a time, the vertical height DE (Fig. 345) 
depends upon the amount of balancing, by the addition of balance 
weights, which has been employed. Thus, if there are no balancing 
weights, then the vertical component of the resultant AD (Fig. 333) 
for the crank position AB = AH, and ED at crank position 30° 
(Fig. 345) = AH (Fig. 333).^ If the crank itself is balanced/ then 
ED (Fig. 345) = the vertical component of the resultant BD = ED 
(Fig. 333).^ Or if the balancing by addition of weights has been 
carried so far as to balance the crank and the portion of the connect- 
ing-rod assumed as rotating with the crank-jiin, then there is no 
vertical resultant due to BC, that part being balanced, and the height 
ED (Fig. 345) = the vertical CD (Fig. 333).' 

The maximum range of vertical forces for a single-crank engine = 
the maximum value of a -f 6. It will be noticed that the length a, 
Fig. 345, is greater than that of h, and these lengths are in the 
proportion — 


9 ^ 


gr \ 


This difference between the maximum upward and downward 
vertical stresses on the foundation due to inertia of the moving parts 
is sufficient in itself to cause appreciable and even considerable 
vibration, and accounts for many of the troubles in engines which 
were otherwise supposed to be well balanced. 

Two Cranks 180 apart. — ^Fig. 346 shows a pair of curves, A and B, 
for two engines working on the same crank-shaft with reciprocating 

* The figures are drawn to different scales. 
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parts of equal weigJj^t and with cranks opposite. Curve B is, of course, 
merely a repetition of ciil-ve A and set 180° ahead of A, but the 
vertical dimensions are the same lor both curves. 


So far as vertical forces due to inertia are concerned, the direction 
of the cranks being always opposite, the forces acting on the founda- 
tion due to each set 

of moving parts are TWO CRAMKTatISO LIS 

also opposite, and they T 

therefore tend to ; 7 ^ I \ / ' 

neutralize each other. I / i ' \ 

If the obliquity of the +« i \ / \ / ‘ 

short connecting-rod '\ \ / / j \ / ; ' 

were neglected, then X ""^pj '\ y / \ \ y / I ^ 

the vertical compo- I ^ j 7^ ' ^ 

nent for the two en- i \ / \ a I / \ ! 

gines would exactly T \ i ^ ' 

neutralize one another, 

and the resultant ver- ^ ^ . 


I 


tical force would be „ 

nil. But in high- 

speed vertical engines the connecting-rod is usually exceptionally 
short, and the result is that a large difference occurs between the 
inertia effects in the upper and lower halves of the revolution. The 
difference may amount to many tons in large high-speed, short-stroko 


engines. 

When these curves, A and B, Fig. 346, are combined as shown, the 
net resultant vertical force, shown by the dotted line K, is obtained 
by taking the algebraic sum of the upward forces a and the downward 
forces 1) for successive positions of the crank = (a ~ fc), and setting 
off the result abov(i or below the line XX, according as the result 
is positive or negative. 

Fig. 346 shows by the dotted line R that the maximum range of 
vertical force upon the foundation is much reduced when two cranks 
at 180° are used instead of a single crank, and when the weights of 
the moving parts are equal in each engine. It is thus clear that 
a pair of simple engines will work more smoothly on cranks at 180° 
than a pair of compound engines, unless the weight of the moving 
parts of each engine of the compound is made equal by increasing, 
say, the weight of the high-pressure piston. 

Two Crankd at 90°. — Fig. 347 shows curves A and B representing 
the vertical components of the forces for a pair of engines of equ£^l 
weight of moving parts and with cranks at right angles. The curve 
B is the same as curve A, and is set 90° ahead of it. The dotted line 
R gives the resultant vertical forces of the combined cranks on the 
foundation, and is shown in this case to be considerable. If the weight 
of the moving parts of engine B were greater than those of engine 
A, then the maximum vertical forces due to inertia would be still 


greater than before. Hence, for the purpose of balancing quick- 
revolution engines, two cranks opposite, with pistons of equal weight, 
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re much to bo preferred to two cranks at 90° s>nd pistons oi Un6qua>l 

weight With the for- 
mer arrangement, how- 
ever, it is necessary to 
increase somewhat the 
diameter of the crank- 
shaft to secure sufficient 
strength (see Fig. 268). 
With cranks at 90®, it is 
specially important that 
the range of vertical forces 
on the foundation should 
be reduced by the use of 
balance weights. 

Three Cranks at 120®. 

— Fig. 348 shows three 
curves of vertical forces, 
A, B, and C, for a set of 
triple engines, of equal 
weigiits of icciprocating parts, and with cranks 1 20® apart. 

It will bo found in this case that the resultant curve obtained by 

taking the sum of the 
three forces at any crank 
position, and shown dotted 
(li) in Figs. 346, and 347, 
]iow disappears, and the 
tendency to vibration 
due t-o the vertical effect 
of the inertia of moving 
parts is eliminated, not- 
withstanding the differ- 
ence between the accele- 
ration and retardation of 
the moving parts in the 
upper and lower halves 


-360 

Fig. 3t7. 
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of the revolution. 

The fact that the sum of the inertia effects is zero, whatever the 
length of the connecting-rod, was ffrst pointed out by M. Normaiid, 
of Havi'e. The proof is as follows : — 

Let F^ = force due to iimrtia in one cylinder; Fg for the second 
cylinder, etc. ; W = the weight of the reciprocating parts ; and the 
other terms as before ; then— 

\V/ 1 \ 

Fi = - ( coa 0 - cos 20 |w V 

i/\ n ) 

Wf 


W I 1 

F., = {cos (0 -f- 120®) + i cos 2(0 + ]20°)>a)2r 
<7 ' n ) 

Fa = - {cos (0 4- 240°) + } COB 2(0 4- 24n®))wV 
il 
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II F, + F3 = cos e + 00^(0 4 - 120°) + cos (e 4 210°) } —IT/cos 2$ 

+ cos (2e + 240) COS (23 + 480°)} 

AV (i)^v m. 

= (cos 3 4- cos 3 cos 120° -- sin 6 sin 120 co^ 6 cos 240® 

(j 

* W'ft-V 

— sin e sin 240°) H ( 00 s 96 H oa 96 cos 210° - sin 26 sin 240® 

4« c/)8 20 cos 480° — sin 29 sin 480°) 

Wt.V/ \/3 . \ 

= 1 COS 0 “ I cos 0 SlU 0 • ' ^ COR 0 4- - -- Bin 0 j 


Wt.V/ V3 . V3 . \ 

= 1 COS 0 “ I cos 0 SlU 0 • ' ^ COR 0 4- - -- Bin 0 j 

W 'V/ a''^3 a/‘T > 

( cos 20 — 4 COB 20 4- • o 20- 4 cos 20 sin 20 ) 

gn \ 2 ““ 2 / 

. Wa-V 

= (0)4- (0) 

S'* ^ gn ^ 

^ 0 

The removal of the vertical component of the inertia eiibcts by th.e 
combination of three cranks at 120*^, with equal weight : of reciprocat- 
ing parts, is an important point in favour of such an arrangement of 
cranks. 

Four Cranks in Pairs of Two Cranks opposite. — In this case 
also, as in that of the triple engine, the resultant vertical force R 
disappears when the weights of the moving parts of each engine are 
equal. 

Effect of Couples. — So far no account has been taken of the effect of 
the “couple” tending to rock the engine endwise, or to alternately 
lift and depress the opposite ends of^the engine -bed on the line of the 
erank, each stroke, but obviously such a 
couple exists with engines of two or more ,ni | 

cranks. lir 

In the case of a two-crank engine with y 

Cl anks opposite, the moment of the couple /r I 

tending to turn the engine endwise, first | 

in one direction and then in the other, is W _ ’ 

equal to the moment (F X a) = (F X c) J 

— (F X h), tending to turn the engine ^ 1 

about point d. A similar force on the } 

alternate stroke tends to turn the engine I I i I 

round e. [ 1 j I 

Where the value of F at the top posi- \ — J I 1 4 — r 

tion of the piston is greater than at the j j 

bottom, as when a short connecting-rod Jy--4 1 — ^ — , 

is used, then the disturbing force is e — ^ J 

greater still, as has already been seen. ^ e 

This tendency to end vibration may 
be neutralized by the addition of another 

pair of similar engines working on a common bed-plate tending 
to produce an opposite couple, and arranged so that the two inside 
cranks coincide in one direction, and the two outside cranks coincide 
in the opposite direction (Fig. 350). Here the opposing tendencies 
to rocking are borne by the bed-plate, and are therefore self-contained, 




Fig. 349. 




m 


STEAM-ENGINE THEORY AND PRACTICE. 


and so long as the bed-plate is sufficiently strong no vibration is 
transmitted to the foundation. 

The above four* engine arrangement is equivalent to the following 
(Pig. 351), which is a triple engine with the middle crank carrying 
reciprocating parts whose weight is twice 2 ^ 

that of the moving parts of the outside — * — 
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Fig. 350. 



Fig. 351. 


engines. Hcr(s as in the previous figure, the couples are balanced, 
though owing to the short connecting-rod the vertical forces are not 
balanced. 

Fig. 352 is a design which accomplishes the same 
result as in Fig. 351, but with two cylinders only. 
In this design the low-pressure piston works in the 
opposite direction to the high-pressure piston. The 
high-pressure* piston is connected to the central 
crank, and the low-pressure piston to the two out- 
side cranks, by means of two piston-rods which work 
through bushes passing through the metal of the 
low-pres.sure cylinder. The weights of the moving 
parts for both high and low pressure engines are 
made equal. 

In a triple engine with equal weights of recipro- 
cating parts and cranks at 120°, the couple is not 
balanced, though the engine may be balanced in 
I -tt- respects. 

Lp j LJ jnret over this difficulty, it was first suggested 

by Mr. Robinson, of Messrs. Willans and Robinson, 
to combine two sets of triple-crank engines on the 
same single rigid bed-plate, and arrange the cranks 
111 — ^ ' — 1 ! r engines tended to set 

L4J UJ opposite couples to its neighbour. Thus, if the 

Fig 35*^ cranks are numbered 1, 2, 3, 4, 5, 6, then if 3 and 
4 are vertical, 2 and 5 will point to the right and be 
30° below the horizontal, and 1 and 6 will point to the left and be 
also 30° below the horizontal. Then these two separate, unbalanced 
couples neutralize each other, and as there is no tendencv to vibration 
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from vertical forces in each of the t../o triple engines, the engine is 
free from vibration.^ 

Vibration due to the couple, in engines for light vessels, such as 
torpedo-boats, may be to some extent modified by btrcng diagonal for©' 
and-aft bracing-stays connecting 
the after cylinders with the forward 
part of the bed-plate (Fig. 353). 

By this means the engines arc 
made more rigid, and the vertical 
couple of moment M :< D, which 
would give to the hull of a light 
vessel a vertical unuulatc>ry mo- 
tion, is replaced and absorbed by 
a horizontal moment, IS' X E, the 
length E being the vertical dis- 
tance between the longitudinal 
deck stays, and the fastenings of 
the bed-plates with the bottom of 
the ship. 

M. J^ormand points out^ that 
without a complete system of 
strong diagonal, longitudinal brae- Fia. 353. 

ing of the engines, and horizontal 

si>ays at the top and bottom, the equalization of the weights of the 
reciprocating parts (though decreasing the net vertical stress) would 
increase the rocking motion due to the couple, and the more so the 
longer the distance D between the fore and aft cylinders. 

The Use of a Plane of Reference.” — If a loaded crank rotate about 
the axis of a crank-shaft, the outward force 
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or pull acting radially through the centre of 
W 

mass = F = - wV. 

But if the efiect of this radial pull is con- 
sidered in relation to some plane ah at right 
angles to the axis, but at some distance c from 
the crank, and which we will call the plane of 
reference, then the effect of the single force Fj 
(Fig. 354) acting at the crank is equal to — 

(1) A force, F 2 , acting in the plane equal and parallel to F„ 
together with 

(2) A couple of moment, Fj x c, tending to turn the shaft round 
in a plane at right angles to the reference plane. 

If several cranks rotate in the same shaft at any angle with each 


Fig. 354. 


* See a paper by Mr. Robinson nn l Captain Saukey, Proc, Inst Naval Archi- 
tectSy 1895. 

* Enginf'erinrf^ October 27, 1893. 

* For the method whicli follows, tloaling with the balancing of four-crank 
engines, the author is indebted to Prof. Dalby’s valuable paper on the Bt^lanoingt 
of Marine Engines Proe. Inst. Na(^al Arcliitecf8.t 1899. 
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other, and at various distances from the reference plane, then each 
separate radial force, when referred to a common plane of reference, 
ik equivalent to a force acting in that plane, equal and parallel to the 
origins^ force, and to a couple the moment of which is equal to the 
force at the crank multiplied by its distance from the reference plane. 
Reciprocating Masses.— If masses Mj and Mg on the respective 
cranks of a two-crank engine with cranks opposite are equal, then 
the cranks are balanced in all positions, so far as moments about the 
crank shaft axis are concerned (neglecting the effect of the short 
connecting-rod, and the couple). 

Also, for all positions of the opposite cranks, the engine is similarly 
in balance if, for the equal rotating masses, equal reciprocating masses 
are substituted, each driven from its respective crank ; and thus the 
result as to balance is the same whether the masses are reciprocated 
or rotated. Hence, if masses balance as a rotating system, they 
balance also as a reciprocating system. 

Similarly for any mirnber of cranks, at any angles, if the rotating 
masses balance, the reciprocating masses will also balance, provided 
they are respectively arranged in the same proportion to each other 
as the rotating masses. 

The conditions of balance may now be stated thus : 

(1) If, in tlie plane of reference, lines taken in order be drawn 
parallel to the respective crank radii and proportional to the forces 
(or to the masses when the cranks are of equal radius) acting at the 

• respective crank-pins, the figure obtained is a closed polygon. 

(2) If, in the plane of reference, lines taken in order be drawn 
parallel to the respective crank radii and proportional to the moments 

of the forces (or of the masses 
when the cranks are of equal 
radius) acting at the respec- 
tive crank -pins about the 
origin at the jplane of re- 
ference, the figure obtained 
is a closed polygon. 

These conditions apply 
equally whether the masses 
are reciprocating or rotating, 
the reciprocating masses 
being considered, for the 
j)urpose of solving the pro- 
blem of balance, as if they 
were rotating masses. 

For [i triple-crank engine 
(Fig. 350), with cranks at 
120^^, if a plane of reference 
be taken through one of the 
end cranks (say No. 3) and 
tine crank positions be projected on the plane, then condition (1) may 
be fulfilled, so far as the forces acting at the respective crank-pins 



Fig. 35o. 
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are oancerned, when those forces are equal, because a closed figure 
may be drawn whose sidei:> are equal to each other and parallel to 
the crank radii. 

But it is evident that when the forces at the cranL'-pins are unequal 
and the cranks are at 120”, the condition of balance of forces is not 
fulfilled, because it is not possible to ©lose .he fc xe polygon. 

It is also evidently impossible to fulfil condition (2) for a three- 
crank engine, as the moment of the force acting ou crank 3 about the 
origin at the reference plane is zero, and the two remaining moments 
(Fj X &) and (F 2 X <i) do not form a closed figure ; unless the cranks 
are as shoWn in Fig. 351, which fulfils all conditions of balarue, ercept 
for the disturbing efiects of the short connecting-rod. It will be 
observed that the conditions here laid down for perfect balance ignore 
the effect of the short connecting rod, v.hich i^ffect, as has been already 
explained, may in itsrlf cause considerable vibration, though the 
engine is balanced in all other respects. The influence of the short 
connecting-rod is more serious in quick-revolution engines, as its 
disturbing effect varies with the square of the angular velocity of 
the crank. 

Applying the previous conditions of balance to the case of a four- 
crank engine, suppose the respective distances between the cylinder 
centre lines are chosen (Fig. 356), and the weights of reciprocating 
parts for three of the engines are approximately fixed, it is required 
to find (1) the relative crank positions, (2) tlie reciprocating mass 
for the fourth crank necessary to balance the mass of tlie other three 
cranks. 

Take a plane of reference through one of the end cranks, namely, 
crank 1, whose relative angular position and weight of moving parts 
are not yet fixed. 

Then the data may be conveniently set out in a tabulated form as 
shown thus : 


No. of 
crank. 

Distance of centre 
of crank from 
reference plane. 

Mass at crank. 

Ratio of 
masses. 

Mass moment 
about reference 
j plane. 

1 

0 



(1720) 

(0'57W) 

! 0 

2 i 

3 ft. 

3000 

W 

; 9000 

3 ' 

5 ft. 

4500 

1-5W 

22,500 

4 

7 ft. 

3000 

I 

W 

21,000 


The figures in the brackets are, in the first instance, unknown, and 
have to be determined by the construction which follows. 

Note. — If the radii of the several cranks were different, then it 
would be necessary to multiply each mass in column (3) and each 
mass moment in column (5) by its respective crank radius; but in 
ordinary engines the crank radius is the same throughout, and the 
proportional result is not affected. 

First, draw the polygon of mass moments about the origin in the 
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i:eference plane. In this case, since one of the cranks is in the refe- 
rence plane, only three cranks have moments about the plane, and 
I the polygon is therefore a triangle. 



Fm. 856. 


First, for crank 4, draw AB horizontal = 3000 X 7 = 21,000 to any 
convenient scale of units ; 

For crank 3, draw BC = 4500 X 5 = 22,500 
For crank 2, draw CA = 3000 X 3 = 9000 

These lines form a closed triangle of mass momenU, and the cranks 
are in balance if rn.A-de parallel to the lines AB, BC, and CA, namely, 
cranks 4, 3, and 2 parallel to AB, BC, and CA respectively. These 
directions of the cranks are then drawn as shown in Fig. 356. 

It now remains to find the direction of the crank No. 1 relatively 
to the remaining cranks, and to find the mass rotating at the crank- 
pin, in order to complete the balance. 

This will be obtained in the next process by finding the direction 
and magnitude of the line required to close the mass polygon. What- 
ever position crank No. 1 may have will not afiect its mass-moment 
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balance, as the crank is in the reference plane, and its moment 
is = 0, 

Secondly, draw the mass polygon to some other scale of units, 
making the lines representing the mass at each ^rajk parallel to the 
respective cranks. 

The figure may be partly superposed upon the moment polygon, and 
the mass lines, for each crank, drawn parallel to the moment lines. 
Thus Ah = 3000 = mass at crank ^ ) he ^ 4500 ~ mass at crank 3 ; 
cd = 3000 = mass at crank 2. Then the line c? A required to close the 
mass polygon gives in magnitude the mass of the rotating or recipro- 
cating parts, whichever may be under consideration, and the direction 
dA, when transferred to the end view of the crank-^haft, gives the 
angular direction of crank 1. 

To check the accuracy of the work, i^ is well to take a new reference 
plane through crank 4, and to draw a new mass-moment triangle, 
composed of the moments or cranks 1, 2, and 3 about the origin at 
crank 4. If the figure again closes, the work is correct. 

This diagram (Fig. 356) is given as illustrating method of procedure, 
and is, of course, subject to the modification as to weights and centre 
distances to suit practical requirements. 



CHAPTER XX. 

STEAM-ENGINE PERFORMANCE. 

fx the early days of engine-testing, it was usual to express the per- 
formance of the engine in terms of the number of pounds of coal used 
per indicated horse-power per hour. 

If the object wore to express the performance of the whole plant — 
engine and boiler included — and if the heat value of 1 lb. of coal 
were a constant quantity, then there would be no objection to this 
unit of measurement, and it was, and is still, in fact a useful, if not 
an exact method. 

But as a scientific measure of the performance of the engine itself it 
was valueless, because it included also the perfonnance of the boiler, 
which latter might be either good or bad ; and thus two engines of 
equal merit, the one attached to a good and the other to a bad boiler, 
might show widely different results. 

The more usual system at present is to express the performance of 
the engine in pounds of steam used per hour per indicated horse-power. 
But this unit also is not satisfactory, because the number of heat-units 
employed to generate a pound of steam is not uniform, but depends 
upon the pressure of the steam, the temperature of the feed-water, and, 
if superheated, the degree of superheat employed. 

The error is comparatively unimportant when saturated steam 
within the ordinary limits of pressure is being considered, but for 
superheated steam the case is very difterent. Thus the total heat from 
32° Fahr. per pound of saturated steam at 50 lbs. absolute pressure 
is 1167 heat-units, and at 150 lbs. pressure it is 1190 heat-units, 
while the total heat of steam at 150 lbs. pressure superheated 300° 
Fahr. is 1334 ; and since it is the heat that does the work, and not 
the steam, the weight of steam used as a measure of relative efficiency 
is very misleading. In each of the above cases 1 lb. of steam may 
be used, but in the last case — ^that of the superheated steam — it 
contains 14*3 per cent, more heat than the 1 lb. of saturated steam 
at 50 lbs. pressure. 

A committee of the Institution of Civil Engineers has recently 
considered this question, and issued a report containing the following 
recommendations : — 

“ L That ‘thermal efficiency,’ as applied to any heat-engine, should 
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mean the ratio between the heat utilized as work on the piston by 
that engine, and the heat supplied to it. 

“2. That the heat utilized be obtained by iner.suring the indicator 
diagrams in the usual way, 

‘‘3. That in the case of a steam-engine, the heat stipj^lied be calcu- 
lated as the total heat of the steam entering the engine, less the water- 
heat of the same weight of water at the temperature of the engine 
exhaust, both quantities being reckoned from 32° Fahr. 

‘‘ 4. That the temperature and pressure limits, both for saturated 
and superheated steam, be as follows : — 

“ TTpper limit : th<^ temperature and pressure close to, but on the 
boiler side of, the engine stop-valve, except for the purpose of calcu- 
lating the standard of comparison in cases when the stop-valve is 
purposely used for reducing the pressure. In such cases the tem- 
perature of the steam at the reduced pressure shall l>e substituted. 
In the case of saturated steam the temperature corresponding to the 
pressure can be taken. 

Lower limit : the temperature in the exhaust-pipe close to, but 
outside, the engine. The temperature corresponding to the pressure 
of the exhaust steam can be taken. 

*‘5. That a standard steam-engine of comparison be adopted, and 
that it be the ideal steam-engine w^orking on the Rankine cycle between 
the same temperature and pressure limits as the actual engine to be 
compared. 

“ 6. That the ratio between the thennal efficiency of an actual engine 
and the thermal efficiency of the corresponding standard steam-engine 
of comparison be called the efficiency ratio. 

“ 7. That it is desirable to state the thermal economy of a steam- 
engine in terms of the thermal units* required per minute per I.H.P., 
and that, when possible, the thermal units required per minute per 

B. H.P. be also stated. 

8. That, for scientific purposes, there be also stated the thermal 
units required per minute per H.P. by the standard engine of com- 
parison.’’^ 

The steam-engine was taken to include everything between the 
boiler side of the engine stop-valve and the exhaust flange. The 
condenser was not included. 

In accordance with the above recommendations, it is probable that 
in future steam-engine performance will be expressed in terms of 
thermal units required per minute per I. H.P. 

To convert pounds of steam per I. H.P. into B.T.IJ. supplied per 
I.H.P.— 

TIT J'T _ weight of steam per minute X net heat-units per pound 

j jj-p- 

As the ideal standard of comparison, the Committee of the Inst. 

C. E. recommend a perfect engine working on the Rankine cycle, 
which is understood to mean an engine receiving steam at its upper 
limit of pressure and temperature equal to that measured close to but 

‘ Proc. Imt. C.E t vol. oxxxiv. 
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the boiler side of the engine stop-valve, and continuing this 
pressure and temperature up to cut-off. Beyond cut-off the steam is 
assumed to expand adiabatically in the cylinder down to a pressure 
equal to the back pressure against which the engine is working. 
The steam is then exhausted from the cylinder at constant pressure 
corresponding with the lower limit of temperature. The above cycle, 
which has hitherto been called the Clausius cycle, it is now proposed 
to call the Bankine cycle. 

The B.T.U. required per minute per I.H.P. for the standard engine 
of comparison is given by dividing 42*42 by the efficiency of the 
cycle. 

1. The efficiency of the Rankine cycle for saturated steam is given 
in the report abov e referred to as — 

(T,. - T.)(l + - T. hyp. log 

= - - t7_ t; 

See equation (1), p. 54, where T„ and =r absolute temperature of 
saturated steam at stop- valve and exhaust respectively. 

2. For superheated steam the efficiency becomes — 

(T,-T.)(i+^,'‘)+ 0-48(T.-17 - T.(h.yp. log + 0-48 hyp. log ,^) 

L., ^ 7 - + 0-48(T7- T„7 

where T, = absolute temperature of superheated steam at stop- 
valve. 

If expression (1) above be =*a, and expression (2) be = then 
42*42 X • “ = B.'r.U. per I.H P. per minute for the standard engine 

of comparison for saturated steam, and 42 42 x ^ for superheated 
steam. 

To facilitate the use of the standard, and to avoid calculation, the 
following diagram (Fig. 347), prepared in the first instance by Captain 
Sankey, may be used, from which the number of B.T.U.’s per I.H.P. 
per minute may be read directly for the case of the ideal engine 
working between known limits of temperature T„ and T^. 

Example. — Suppose an engine working between the temperature 
limits of 350® for initial steam and 140° for exhaust steam, then 
where the vertical through the 350° point on the base line cuts the 
curve through the 140° point on the right-hand scale, we find the 
horizontal line which, when traced to the left-hand scale, gives 180 
as the number of B.T.U.'s per I.H.P. per minute required by the ideal 
engine working between these temperature limits. 

Boulvin’s Method of Transferring Indicator Diagrams to the 
Temperature-Entropy Chart.— The following diagram, first devised 
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by Professor Boulvin, illustrates a useful mebliod of transferring in 
full the indicator-diagram to the 69 chart. By means of such transfer 
it is readily seen where the losses in any engine or combination of 
engines occur. 

It shows for any engine what use it makes of the heat-units supplied 

Y 



to it per pound of steam, and by plotting diagrams from separate 
engines whose performance it is desired to compare one with the other, 
it is easily seen where and in what respect one engine is superior to 
another in efficiency as a heat-engine. 

Four axes are drawn from centre O, in Pig. 358, namely OP, OY, 
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OM, and OV, which represent respectively lines of pressure, tem- 
perature, entropy, and volume to any convenient scales. 

Set off on OY a scale of temperatures, and on OP a scale of 
pressures; a temperature-pressure curve is then c’mwn in YOP by 
joining the intersections of the projections from corresponding pressure 
and temperature values for steam^ as obtained by reference to the 
Steam Tables. 

The temperature-entropy portion \ OM of the diagram between the 
axes of temperature and eniTopy may be drawn, as already described 
on p. 43, or the respective lines of the diagram may be transferred 
from the chart, Plate I. 

For the line of volumes, set off along the OV, to any jonvenient 
scale, a scale of cubic feet, and make its length at least equal to that 
of the volume of 1 lb. of steam at the lowest pressure used. - With 
the scales of volume and pressure now fixed, draw from the Bteam 
Tables the saturated steam curve. 

To place the indicator diagram in the pressure-volume portion POV 
of the figure, it is necessary to already know the relation of the indi- 
cator diagram to the clearance line and the saturation line (see p. 116), 
in which case it can be transferred directly by plotting it to the new 
scales of pressure and volume. 

To transfer the indicator diagram to the temperature-entropy 
portion of the figure by means of the graphical method, it is necessary 
to draw lines relating volume and entropy, as shown in the volume- 
entropy portion VOM of the diagram. To draw these lines, take 
any convenient point A on the saturation curve, say through 40 lbs. 
on the pressure scale ; draw the vertical line AD to the temperature- 
pressure cur^'e, and the horizontal line DK cutting the temperature- 
entropy lines in E and K. Project EH Ax*rtically to meet OM in H, 
and project KT vertically to meet the horizontal line AT in T. Join 
HT. From B draw a horizontal BG to cut HT in G, and from G draw 
the vertical GF to cut EK in F. Then the point B on the indicator 
diagram is transferred to the point F on the temperature-entropy 
chart. Any further number of points may be transferred in a similar 
manner. 

Weight of steam used by the Engine. — 1. When the engine 
exhausts its steam into a surface-condenser, then if the condensed 
steam he collected and weighed, and at the same time the power 
of the engine be determined from indicator diagrams, the weight of 
steam per I.H.P. per hour may be directly determined. The weight 
of condensed steam should correspond with the weight of feed- water 
supplied to the boiler during the same period. 

2. When the engine exhausts into a jet condenser, it is more 
difiicult to determine the steam consumption at the condenser enc^, 
and it will usually be obtained by measurement of the boiler-feed. 
It may, however, be found with approximate accuracy by passing 
the combined condensing-water and condensed steam over a weir 
or tumbling-bay, or through a number of orifices (say twenty) bored 
out to gauge, and fixed level in the end of the tank receiving the 

X 
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contents of the condenser. The tank should be provided with baffles 
to steady the flow of the current. If, then, the contents flowing from 
one of these oriflees be collected separately and weighed, and the result 
multiplied by the number of orifices, the total weight of water passing 
away per unit of time will be obtained. 

If S = weight of condensed steam, and W = weight of injection 
water, then total water weighed = W -f S per minute. . . . ( 1 ) 

If and <2 = initial and final temperature of the injection water 
obtained by delicate thermometers, then W(^jj — = heat carried 

away by injection water. Let also equal temperature of feed. 

Heat supplied by steam = S(H — where H is total heat of the 
steam, and = (temperature of feed — 32). Then — 

.S(H — = (work done in heat-units per minute) -f W ~ . ( 2 ) 

Or, if temperature of feed is not the same as that of the condensed 
steam, then — 

S{H — A 3 ) = work done + — < 3 ) + W(/o — <j) . . (3) 

We have now two equations — (2 or 3) as above, and (1) equal to the 
numerical value in pounds of W + S by weight during the test. 

By combining these equations the value of S, or the weight of 
steam per minute, can be obtained. 

Then S I.H.P. = weight of steam per l.H.P. per minute 
On the Increase of Initial Steam-prossure. — The economy of engines 
in regard to steam and coal consumption per unit of power will always 
be a most, if not the most, important factor in determining the relative 
value of different types and combinations of engines and boilers. 

If this condition is to be fulfilled regardless of any other condition, 
then the direction in which shell economy must be looked for is by 
the adoption of the highest practicable steam-pressures by the use of 
water-tube boilers— which are now working as high as from 250 to 
300 lbs. per square inch and even more — and by the further adoption 
of superheating both in the first and again in the succeeding cylinders, 
combined, of course, at the other end of the scale with the most 
perfect condensing arrangements. 

A study of the temperature-entropy diagram will show at once that 
in the directions above indicated must be sought the maximum 
theoretical efficiency of the steam-engine, and that with a constant 
minimum loss at exhaust, a maximum work area per pound of 
steam can only be obtained ( 1 ) by increased initial pressure, and 
( 2 ) by reduced loss by cylinder condensation, which is the object of 
superheating ; the amount of superheating employed being so much 
as will secure dry saturated steam at cut-off, and not such an amount 
as will result in the actual presence of superheated steam after cut-off' 
in the cylinder. The amount of superheat in the initial steam to secure 
this result has already been given in the chapter on Superheating. 

The above requirements for maximum efficiency of the steam are to 
some extent ideal, and there are many practical difficulties which yet 
remain to be overcome, but they represent the direction towards which 
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the more progressive engineering 'will continue to aim; and whe#e 
maximum power per unit of weight of machinery is the primary 
consideration, regardless of cost in other directions, the maximum 
possible pressures will be employed, and superheating, though at 
present in abeyance, will probably follow, at least in some degree. 

But where other conditions than the above obtain, thau is, where cost 
of maintenance, attendance, repairs, depreciation, loss through stoppages, 
etc., all have tc be considered, as is the case in most stationary work, in 
estimating the real commercial economy, it ja doubtful whether even 
the most up-to-dat' stationary engineering will adopt the extremely 
high pressures used bv maiane engineers for the sake of maxiioum i U am 
economy as such, and as di.’.tinguished from all-round economy, though 
probably superheating will continue to increase in favour. In a recently 
published pamiihlet giving the result of two-cylinder-compound engine 
trials, Messi-s. Hick, Hargreaves & Co., of Bolton, say - - 


“At the present time there is a strong and increasing ten-loncy towards compound 
engines working at a high boiler pressure (about IGO lbs.), in preference to triple 
and quadruple expansion engines for mill work. . . . Experience has shown that 
whilst two cylinder compound engines have gro.at advantages in tlie way of sim- 
plicity and reliability, they can compete very closely even in steam-engine economy 
per I.H.P. with the best triple-expansion engines, and that they actually alibrd the 
least expensive and most satisfactory method of driving a factor) when all the items 
of expense are taken into account. The use of superheating >\ill tend strongly in 
the same direction by reducing the loss by cylinder condensation, the reduction of 
which is the one excuse for multiplying the stages of expansion iu H<‘[)arRte 
cylinders. IMill engines are fitted with valve gear capable of giving any desired 
ratio of expansion in each cylinder. This factor is frequently overlooked when 
comparing mill engines with marine engines, iu which IIkj valve gear employed will 
only allow of a limited amount of expansion in any one cylinder. ' 


An investigation was recently (1897) carried out by Mr. Dugald 
Drummond on “the use of progressive high-pressures in non-compound 
locomotive engines,’’ to ascertain the increase of etiiciency derived from 
raising the boiler pressure. The following table shows some of the 
results obtained : -- 


Original pressure. | 

1 

liaised to 

1 (Jain per cent, steam 

1 consumption. 

lbs. per sq. in. 

140 

lbs. per sq in. 

IGO 

11 to 13 

150 

175 

15 

1.50 

200 

31 

175 

200 

1102 







As already pointed out, the numerical value of the thermal 
efficiency obtained by increasing initial pressures is proportional to 
the range of temperature worked through by the engine divided by the 

* Proc. Inst. C.E.f vol. cxxvii. p. 225. 
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Initial temperature (absolute). Also the initial temperatures do not 
increase at the same rate as the pressures ; on the contrary, while the 
initial pressures rise very rapidly, the temperature increase is com- 
paratively small, especially so at the higher pressures. Thus, for steam 
at 170 lbs. absolute pressure, the temperature is 368° Fahr., while for 
steam at 250 lbs. absolute pressure the temperature is 400° Fahr. Jf 
in both cases the steam is exhausted at a temperature of 150° Fahr., 
which is equivalent to a pressure of about 4 lbs. absolute, then it will 
be seen by measurement from Fig. 357 that in the case of the 170 lbs. 
initial pressure the B.T.U.’s per I.H.P. per minute required for the 
ideal engine = 175,* and for 250 lbs. pressure the B.T.U.’s = 160, that 

is, a gain of X 100 = 8*6 per cent., or in practice a gain of 

175 

about 6 per cent, of heat expended per for an increase of 47 per 

cent, in the steam pressure, which gain seems hardly likely to tempt 
engineers in the direction of an indefinite increase of pressure from the 
point of view of economy of lieat, esj)ecialJy when the higlier pressures 
are accompanied by difficulties such as — - 

(1) Increased strength, weight, and initial cost of boilers, steam- 
pipes, engine cylinders, and httings. 

(2) Increased losses by radiation throughout the whole plant, 
including boiler, steam-pipes, and engines. 

(3) Increased cost for repairs and maintenance. 

But, as already stated, there are other considerations, besides 
thermal efticiency, which leads to the adoption of the highest steam - 
pressures, especially that of the increase of 'power per unit weight of 
engines^ which follows the increase of steam-pressure. For it will be 
remembered that in a given' engine the power increases directly in 
proportion to the increase of initial pressure, the point of cut-off in the 
fir.st cylinder being assumed constant. 

llfence the reason for pi'oviding warships, for example, with the 
highest available working pressure regardless of difiicultie^s. 

Reduction of Pressure by Reducing-Valves.— It is now usual 
in water- tube boilers to reduce the pressure from 300 lbs. in the 
boiler to 250 lbs. at the engine. This permits of the initial pressure 
on the engine being kept more consistently constant than would 
be the case if there were no reducing- valve between the boilers 
and the engine; it is also equivalent to increasing the volume o] 
the steam space of the boiler without increasing the size of th^ 
boiler. It is often stated that this wire-drawing of the steam 
by reducing the pressure from 300 to 250 lbs. per square inch, is 
a convenient means of supplying superheated steam to the engines. 
But unless the steam supplied by the boiler is perfectly dry, or 
nearly so, which is a large assumption, there can be no super- 
heating : thus, the total heat of steam at 300 lbs. pressure = 1209*3, 
and at 250 lbs. pressure = 1204*2 — that is, 5*1 units of heat are 
liberated when the steam is wiredrawm from 300 lbs. to 250 lbs. 
pressure. Assuming the boiler * steam to contain 2 per cent, of 
moisture, then on passing through the reducing-valve the liberated 
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heat-Tinits will evaporate 
latent 


5;1 
L 

heat per pound 


lbs. of water (moisture) into steam*, 
of steam at 250 lbs. pressure. 
Therefore the steam wetness 


where L 
5*1 

= 0 006 lb. of water evaporated. 

is now reduced from 0*02 lb. per pound 10 0*02 — 0 006) lb. per 
pound, or the wetness is reduced fr(»m 2 per cent, to 1*4 per cent. 
But there has been no superheating of ^he steam. 

If the steam from the boiJer were pertectl/ dry, then on passing 
through the reduciug-valve from 300 to 250 lbs. ])ressure 6*1 units 
of heat are liberated and taking 0.48 as the specific heat «>f straio, 
then 5*1 —0*48 = 10*6 degioos of superheat. 

Steam-consumption. The Willans Straight-line Law.— It was first 
pointed out by P. W. Willans that if the tof-al steam-consumption per 
hour of a throttling or coiistant 
expansion engine be plotted 
as ordinates on a horse-power 
or mean-pressure base, the 
result is an oblique straight 
line, as shown iu Pig. 359. 

That this must be so theo- 
retically will be obvious from 
the following illustration. 

In Fig. 360 cut-off at 0*5 
or two expansions is taken, 
and an initial pressure of 90 
lbs. The mean pressure is = 

76*2 lbs. (found by means 



ABS, MEAN PRESSURE 

Ftg. 8r)9. 




of the formula j),,, = and the terminal pressure 

45. At an initial pressure of 45 11)S. the mean pressure is 38*1 lbs., 
and the terminal pressure 22*5 lbs. 

In Fig. 361, the terminal pressures are set up vertically as ordinates, 
and the mean pressures are drawn horizontally as abscissae ; and the 



intersections give the straight line of steam-consumption ua, because 
the steam-consumption per stroke is proportional to the terminal 
pressure in theoretical engines. 
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If the term I.H.P. be substituted for “mean pressure,” as may be 
done when the speed of any give?i engine is constant at all powers, 



MEAN PRESSURE 

Fio. 362. 


then it may be stated that the total weight of steam used varies 
directly as tlio I.H.P., or, in other words, the weight of steam per 
I.H.P is constant at all powers when back pressure, friction, and all 
other losses are neglected. 

The obli(jue straight line obtained by plotting the steam -consump- 
tion as explained al)ove would not be (|uite straight, but slightly 
carved if adiabatic expansion had been used, instead of hyperbolic. 
r>y choosing A^arious cut-off points a series of oblique lines may be 
drawn (Pig. 3G2), each separate straight line representing the stearn- 
consuinptioii for a separate fixed cut-off Avith variable initial pressure 
at that cut-off. 

The Curve of Steam-consumption for Variable Expansion.-— If a scale 



Tig. 303. Fm 364. 

of absolute initial steam-pressures .be marked along the oblique lines 
in each case, and a free curve be drawn by joining the corresponding 
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pressure-points on the respective onlique lines, then the cuives ob- 
tained will give — by an ordinate measured to them from the base — 
the steam-consumption for a variable cut-off with a constant initial 
pressure ; thus Fig, 863, line Oa is ^drawn as a line of steam-con- 
sumption for a cut-off' in the cylinder at 0*6, and at various initial 
pressures ; line Oh is drawn similrrly fcr a cut-off at 0*4 ; and line 
Oc for a cut-off* at 0*2, and a pressure scale is marked upon each 
line respectively. Fy joining points h, e at the common pressure- 
points of 90 lbs., a curve of sieam-coiisumpticii ahr is obtained. 
If the vertical ordinate be measuied to the cui*ve for any point of 
cut-off from 0 2 to 0*6 of the stroke, the total steam-ccusumptidn 
is obtained at a constant initial pressure of 90 lbs. p-^T square inch. 
The same result may be obtained by measurement from a theoretical 
•indicator diagram, as follows: — 

Draw indicator diag^'ams (Fig. 364) showing the variable expans’on- 
curves for constant initial pressure with cut-olF at 0-2, 0*4, 0*6 of the 
stroke, and find by measurement or calculation the mean pressure for 
each case reckoned to zero back pressure. 

Then plot on squared paper the terminal pressures as oidinates, 
and the mean pressures as abscissae (Fig. 365). The terminal pressures 
are proportiojial to the 


weight of steam ex- 
hausted, and the verti- 
cal scale may thus be ^ 
made to represent steam- CO 
consumption* 36 

Thus in Fig. 364, 5 
with cut-off at O’G of “ 
the stroke, the mean 
pressure is 81*7 lbs., 18 
and the terminal pres- ^ 
sure 54 lbs. ; at points ^ 
of cut-off 0*4 and 0*2 ^ 

the mean pressures are ^ 
69 and 47 respectively, 
and the terminal pres^ 



Fig. 305. 


sures 36 and 18. 


In Fig. 365 the mean pressures are plotted on a base-line, and the 
terminal pressures on the vertical scale to represent proportional 
steam-consumption. By joining the intersections of the corresponding 
mean and terminal pre.ssures, the curve ahe is obtained as before 
(Fig. 363). 

It will be seen that this curve falls below the straight line oa, 
joining the origin o with the point a of maximum power, and if an 
ordinate be measured from the base-line at a given mean pressure, 
the vertical height measured to the curve is less than that measured 
to the straight line oa, and the difference between the two heights 
is the relative difference between the total steam-consumption under 
the two systems ; the straight lines representing the varying steam- 
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consumption at fixed pomts of cut-off, when the power is regulated 
by throttling, either by hand or by« a governor ; and the curve repre- 
senting the steam-consumption at constant initial pressure when the 
power is regulated by varying the point of cut-o^ by hand or by a 
governor. 

In the same way, lines and curves have been drawn (Fig. 366) 
showing the relation between the steam-consumption when the two 
methods of varying the power are compared. Thus, taking three 
different cases of constant cut-off engines, namely, two, six, and four- 
teen expansions respectively, and comparing them with three variable 
expansion engines having the same cut-off at maximum power. If 
each starts with the same initial pressure and the same cut-off, as at 
d, €, and /, and the mean pressure is reduced (in the straight-line 
• or throttling engine, by reducing the initial pressure; and in the 
variable expansion engine by keeping the initial pressure constant 
and increasing the number of expansions), then if the absolute 
terminal pressure of the theoretical indicator diagram, or the steam- 
consumption per stroke, be set up as verticals, it will be found that 
their height is less with the variable expansion than with the 
throttling engine. 

It will be seen by the figure (Fig. 366) that the difference is much 
greater for the simple two-expansion engines than for engines with 



many expansions, such as triple-expansion engines, in which the possible 
difference between the two systems of regulating the power is small, 
as seen by the nearness of the curve to the straight line of. 

If the engine considered is a theoretical non-condensing engine, 
then the oblique line OM (Fig. 359) is the line of steam-consumption ; 
and OA is the back pressure of the atmosphere. In practical cases 
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the length OA represents the equivalent loss of effective mean 
pressure due to back pressure, condensation, leakage, radiations, etc. 

Taking now a practical case in which the friction of the engine 
is included. 

It will be noticed that in the theoretical cases taken so far, all 
the throttling straight linos and all the variaole expansion-curves 
pass through uhe origin O of the diagram ; that is to sa.j, in a 
theoretical engLie there is zero stearvi-GQiisnmption at zero mean 
pressure. 

But in practice that is n ‘t 
the case, and if the oblique § 
line drawn from an actual ® 
engine test be produced, it ^ 
will be found not to pass gj 
through the origin 0, imt ^ 
cut the vertical line at some 
point above it, which will re- 
present to scale the steam- ^ 
consumption of the engine at 
zero mean pressure. The AVil- O 
Ians oblique line for an actual ’ ^ 
throttling engine takes the d 
form of — 



HORSE POWER 

Fig. 367. 


\V = a + 

where W is the total weight 
of steam used per hour ; P is the indicated horse-power ; a is the 
weight of steam used at zero mean pressure, and depends upon the 


on the losses inherently due to 
is a constant, depending also on 


extent of the back pressure and 
the engine itself while running ; h 
the type of engine. 

It will thus be understood 
that with a throttling engine 
the full load is the most econo- 
mical load, because the effect of 
the constant a is proportionally 
less at high powers, and that as 
the power of a throttling engine 
is reduced, the consumption of 
steam per horse-power is in- 
creased. 

If the actual consumption lines 
be plotted for an engine work- 
ing through its full range of 
power, first with variable initial 
pressure, and secondly with 
variable cut-off and constant 
initial pressure, it will be seen 

that over a certain range, mn (Fig- 367), the variable expansion is 



. . d 

HORSE POWER 

Fig. 368. 
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more economical ; but if the cut-off is carried beyond a certain 
point, m, the throttling method b^'coities the more economical of the 
two. 

To find the mean pressure corresponding with the lowest steam- 

consumptiou per draw a 

tangent, Or, to the curve of 
steam - consumption from the 
point O ; then a vertical, cd, 
through the point of contact 
gives by its intersection with the 
horizontal base the mean pressu?'e, 
od, required ; that is, (cd -r od ), 
or (stcam-consumption-f-T-H.P.), 
is a minimum when the power is 
represented by od. 

To tind the mean pressure 
corresponding with the lowest 
steam-consumption per B.H.P., 
which is usually more important 
Fig. 300. to know than that for the I.H.P. 

Let AB (Fig. 369) be the curve 
of total steam-consumption for the engine, and let Om represent to the 
scale of mean pressurv^ the jiressure required to drive the engine itself. 
Prom point m draw a tangent me to the curve ; then ef is the most 




INITIAL PRESSURE 

Fio. 370. 


economical mean pressure to fulopt when considered with reference 
to the brake or effective horse-power, while if only the indicated 
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horse-power had been considered, a lower mean pressure would have 
been chosen. 

Such a dia^rram shows why, in electrical w^rk, the rated mean 
effective pressure is always chosen high, namely, fioTu 40 to 45 lbs. 
per square inch referred to tnc low-pressure piston, tli^ reason being 
that when the most economical poi^it is consick^red with reference to 
the effective horse-power, instead of the indicated horse-power, it is 
found possible to work economically at the higher mean pressures, 
and the advantage of doing so is that the same powder may be ob- 
tained with a smaller engine, aad therefore also one which may be 
run at higher rotational speeds. 

In mill engines the rated me.an effective pressure Is usually about 
28 lbs., but there- is a tendency all round in the direction of raising 
the value of the rated mean pressure. 


CONDENSING 



80 100 120 MO 160 180 

INITIAL PRESSURE 

Fra. 371. 


Curves of Steam- consumption per I.H.P, per Hour. — The effect on 
the rate of steam-consumption of various changes in the conditions of 
working may be best shown by plotting curves of engine performance 
as shown in Figs. 370 and 371. These figures show the relative per- 
formance of simple, compound, and triple engines, condensing and 
non-condensing, and they should be carefully studied by the student. 
The data for these curves have been taken from the Willans trials.^ 
Fig. 372 shows the characteristic curves of steam-consumption for 
engines of various typ(3s and various degrees of loading, the fractions 
along the base-line representing the proportion of the rated load at 
which the engine is worked. The rated load is the load at which the 
engine gives the best all-round results, the principal factor in the problem 
* Proc. Imt. C.E.t vols. xciii. and cxiv. 
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Iming the maximum ecorioraical working load. Usually engines may 
worked about 25 per cent, above ^his load as a maximum. 
y The load-factor is the ratio of the average working load to the 
maximum working load. 



RATIO OF ACTUAL 'TO RATED LOAD 

Fro. 872. 

The following results of a series of trials with a Westiiighouse com- 
pound short-stroke engine were given by Mr. Arthur Rigg.^ The 
cylinder diameters were 14 in. and 24 in., with a 14-in. stroke ; cranks 
opposite ; revolutions 290 per minute ; variable expansion governor. 

Water-consumption per Brake Horse-power. 

Cnvdemina. 


1 

2 ! 

3 i 

1 

* i 

6 

6 

! rake H.P. 

Average jws- ’ 

Boiler-preefiure, pounos per equare inch. 

pure, iwuikIk ]»er 










sqimre inch. 

120 

100 

80 1 

60 

1 


11)8. 

lbs. 

1 

lbs 1 

lbs. 

200 

.500 j 

]9-62 

22*53 

— 

— 

160 

40-0 

18*86 

20*02 

23*17 i 



180 

32 0 ! 

18 38 

19*56 

21*32 

24*80 

100 

250 

19 14 

19*44 

20*34 

20*10 

70 

17-5 

19*80 

. 20*05 

21*43 

22*57 

40 

10-0 

22*00 

23*12 

24*75 

• 22*55 


' True. Inst. vol. cxiv. 
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Noii-condcfutinrf. 


1 

2 

i ® 

1 4 i 

1 

5 

a 


Average pres- 

I Boiler pressure, pounds per square ’uch. 

Brake H.P. 

sure, pounds per 










square inch. 

T20 

100 1 

1 80 

60 



1 

1 1 

1 lbs 

1 lbs. 

lbs. 

200 

50-0 i 

1 23yi: 

— 

1 — . 

— 

100 

40-0 

i 23-50 

25-20 

! 

— 

130 

1 32*0 

I 24-32 

28 42 i 

I 27*70 



100 

25-0 

25-57 

27-75 

29-80 

— 

90 

2H-0 

26-51 

28-30 

‘ 29-80 

31*70 

70 

17-5 

29-40 

30-77 

1 32-48 

1 36-00 

40 

100 

40-05 

39-30 

42-75 

1 45*82 


From a paper ^ by Mr. Henry Davey, read before the Institution of 
Civil Engineers, the following average results of long-stroke engines 
using saturated steam are deduced — 



Initial 

Ratio of 

steam pt r 

Tl.T.U. per 


presBuie. 

expansion. 

J.H.P. per hour. 

I.H P. per min. 

Single cylinder condensing ... 

70-7 

3-95 

23-51 

432 

Cora})ound condensing engiius 

84-8 

7-7.3 

18-53 

358 

Triple-expansion engines 

138 3 

14-51 

14-88 

288 


Thermal efficiency of the triple-expaneion engines =42 *4*2 -*-288 X 100=14-7 per cent. 

Performance of Engines using Highly Superheated Steam. — The 

following steam-consumption is guaranteed by the Schmidt Stationary 
Engine Co., London, the temperature of the steam employed in all 
cases being 350° C., or 6G2° F. 

Type of englues. “ 


Single cylinder double-acting non- 
condensing 

Single cylinder double-acting con- 
densing 

Compound double-actiug condensing 
Single crank single-acting tandem 
compound condensing 

Note. — In each case the consumption of steam decreases as the power increases. 

The effect of speed of rotation on economy is to somewhat reduce 
the weight of steam used per indicated horse-power per hour as the 

’ ProG, Imt C.E. vol. exxii. p 17, 


I Indicated horse- 
1 power. 

50 to 300 

50 to 300 
50 to 800 
50 to 350 


Pounds of feed- 
water ppF I.Il.P. 
per hour. 

16-8 to 15-5 

13-5 to 12 4 
11-5 to 9-8 
11 to 10 


B T.U. per 
I.H.P. per Klin , 
feed temp. luo° F. 

403 to 373 

325 to 298 
277 to 230 
205 to 241 
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speed of rotation increases. This is probably due to the reduced 
loss by cylinder condensation at high speeds. 

The following results are from experiments by P. W. Willans : ^ — 

» Revolutions per minute ... 401 HOI 198 116 

Steam per I.H.P. per hour ... 17*3 17*6 18-9 20*0 


rh 



Fig. 373. 


The Cornish Cycle.“ — 1 n the Cornish single-acting'' pumping-engine 
(see Fig. 373), the steam jiasses into the cylinder through valve A, and 
acts on the top of the piston to drive it downwards, valve B being 

‘ Vtoc, Inst. C.E., vol. cxiv. 

’ See a paper by Mr. Henry Davey on the Birmingham Waterworks, Proc. Inst, 
Mechanical Engineers, 1897, p. 297. 
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closed ; the space below the piston being at the same time in com- 
munication with the condenser through the valve C. 

At the end of the down-stroKc the valve B t^pens to exhaust, and 
the valves A and C are closed. The steam now passes from above 
the piston to the space below tiie piston through the val^^e B, and not 
directly to the condenser. 

The piston then ascends in a condition of equilibrium. 

The reason fox the economy obtained b\ this arrangement is that 
ihe clearance surface above the piston h never put in direct com- 
munication with the condenser, the rangi of temperature above the 
piston being from admission to release only, while below the piston 
the range of temperature is from release to exhaust, the fall of 
temperature from admission to exhaust thus occurring in two stages. 
This cycle is now adopted by some single-acting high-s))eed engine 
makers, notably in the ^ illans engine. 

Economy Guarantees. — Considering that the steam used by an engine 
each year often costs as much as the initial cost 01 the engine itself ; 
also that the difference in weight of steam consumed — and therefore 
of coal burned — in power plants by different makers, may be as great 
as 100 per cent., the importance of obtaining guarantees of steam 
economy will be very obvious. 

It must be remembered, however, that the results of the trials of 
engines and boilers, when new from the hands of the makers, will not 
usually be repeated in ordinary working practice, owing unfortunately 
to the various sources of loss of efficiency which occur unless exceptional 
attention is paid to detail. It would be safe to allow a margin of at 
least 25 per cent, between the makers’ tests and the actual working 
performance of the plant. This margin represents the sum of a large 
number of small but more or less preventive losses which occur in 
power plants, and the extent of the reduction of which is a measure 
of the intelligence and skill of the operating staff. 



CHAPTER XXL 

TYPES OF STEAM-ENGINES~-TI1E MILL ENGUVE, 

Horizontal and Vertical Engines. — The choice of type depends in 
s^sine measuie on the space at disposal in which the engine is to bo 
lixed, and also on the speed of rotation desired. 

Where floor space is limited, and height will permit, the vertical 
type is the only alternative ; but where space is not so limited, the 
question of speed of rotation desij'ed will more probably decide the 
type, for slow speeds the horizontal being generally preferred. 

The horizontal typo is more convenient of access, while the vertical 
is often most inconvenient in this respect. The stresses are spread 
over a larger floor area in the horizontal type, and the engine is there- 
fore more likely to be free from vibration. 

It is usually more difficult to keep vertical engines clean, because 
of leakage of water and oil from stuffing box glands and other parts 
falling directly among the working parts. 

Vertical engines are lighter for the same power, becau.se they are 
made of a shorter stroke, and run at a higher rotational speed than 
horizontal engines. 

In horizontal engines the cylinders are liable to wear down and to 
Ix^come oval in couseciuence of the weight of the piston wearing a 
bed for itself on the bottom of the cylinder. This objection is absent 
in vertical engines, though of course the weight is carried on the 
crank-pill instead. To reduce the wear in horizontal cylinders, the 
piston is sometimes supported by a tail-rod, which is a prolongation of 
the piston-rod carried out through the back cover. 

With the long-stroke horizontal engine extreme care must be 
taken in the construction of the foundation, to ensure the prevention 
of uneven “settling down.” 

For engines of large power in electric light and traction stations the 
vertical type is now almost exclusively employed. 

The Horizontal Mill Engine. — Figs. 374 and 382 give details for 
a horizontal trip-gear engine, 15-in. diameter, 36-in. stroke, suitable 
for a working pressure of 100 lbs. 

The steam admission' is affected by double-beat drop valves A, 
operated by a detachable trigger, the point of release being determined 
by the governor. 

The exhaust valves B are of the double-beat type, worked by a 
cam on the side shaft C. 

The cylinder is a cored casting of tough cast iron, which must be 
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freo from blow-holes and other imperfections, and has suitable recesses 
into which the steam and exhaust ralvo seats are forced. 

The steam is admitted >)y the side and at the centre of the cylinder, 
and passes up a belt to the steam -passage on the top of the cylinder, 
which again communicates with the steam- valves A at her end. 



When the steam is exhausted from the cylinder it escapes into a 
cored chamber, D, common to both exhaust valves, and from thence to 
the exhaust pipe. 

A separate working barrel or liner, E, is forced into the cylinder 
casing. The parallel part is in. larger at one end than at the other, 
to facilitate putting in and fixing of the barrel. 


T 
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Tile valve seats ivnd valves are cast oflf a specially strong hard mixture 
of cold-blast and hematite irons. 

The upper and lower beats of valve faces are tangents to two spheres, 
fWhich have their common centre in the point of suspension (see h ig. 
376). The effect of this special arrangement of valve seats is to 
maintain true contact between valves and seats. When the valve 



seats are both the same angle, the lower valve seat wears larger than 
the valve and causes leakage. 

It is usual to finally grind the valve seats together when they 
have been heated, so as to make them steam-tight after they have 
been expanded by the hot steam; All castings have more or less 
internal stress in them as delivered from the foundry, and when 
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such castings are subjected to heat, they sometinie^i twist and go out 
of shape. 

In small castings it is possible to get rid c»f the initial stress, by 
placing them in a furnace and heating them to a blood-red heat, 
closing the dampers and leaving the furnace and casi-ings to slowly 
cool together. 

Where castings cannot be so heated, it is very necessary to care- 
fully examine and “let down the wuai‘i?ig parts which are to be a> 
working fit under steam pressure and temperature, and with more 
complicated valves, this must be done several times before the 
necessary steam-tigldness is attained. 

The steam-jacket is supplied with high-pressure steam by a small 
steam- valve placed alongside of the ^ stop- valve, and the condensed 
water is drained through a passage (drilled at right angles) which 
connects the lowest point of the jacket to a suitable facing on the 
side of the exhaust passage on the underside of the cylinder. 

The cylinder is automatically drained by the separate exhaust 
valves each exhaust stroke, and in order to prevent the danger of an 
excess of water under pressure trapped between piston and cover 
when the exhaust valves have closed, relief valves are fitted to each 
end of the cylinder. 

A sight-feed lubricator, F, is provided, and connected to the steam- 
supply passage. 

The cylinder is coated with a fibrous non-conductor, such as 
asbestos or slag wool, and cased in sheet steel setmred by screv s 
fitting under the cylinder cover and stuffing box as shown. 

The cylinder cover is a strongly ribbed casting, having proper 
recess for piston nut and giving in. clearance. A polished c()\’cr 
is fitted, which forms an efficient air-jacket and lielps to keep the 
lagging in place. 

The lifting lever of the steam-valve is fitted with a hardened-steel 
tip, which is engaged by the trigger-piece H, provided with similar 
hardened-steel tip. The maximum amount of contact is ~ iii., and 
is determined by an extending tail, T, which limits the extent of 
engagement. 

The motion to lift the steam-valve is derived from an eccentric 
mounted on a side shaft, C, driven by bevii gears from the crank- 
shaft. The upper end of the eccentric-rod is connected by two 
side links, MN, to the lifting lever-pin (see Fig. 374), and when 
the trigger is engaged, the lifting-lever, trigger, and side links form a 
locked triangle. The upper portion of the trigger is curved towards 
the buffer-box K, and rides under a detaching pad, which is formed 
on the detaching lever J, keyed on the cut-off spindle L. 

The cut-off spindle is arranged to give the lever J a movement 
approximately the same in direction as the tail of the trigger T, and 
the inclined tail runs under the detaching pad and detaches the 
trigger from the valve-lifting lever. 

In all mechanical cut-off' gears it is of the highest importance for 
the governor to regulate the point of cut-off* with the smallest possible 
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resistance to its movement from the gear itself, and it should be free 
to adjust its position during stea^a admission. The above arrange* 

ment is a good example of a detach- 
ing-valve gear, suitable for governing 
on a low percentage of variation. 

The steam- valve spindle is ex- 
tended beyond the lever attachment, 
and is connected to a piston having 
turned liamsbottom grooves (not 
rings) fitting in an air-buffer box. 
The piston has about in. clearance 
when the valve is seated. When 
the valve is lifted the piston draws 
in air freely through the ball-valve 
P (shown enlarged, Fig. 375), and 
when the valve is released the ball 
seats itself, and the air is forced out 
through the holes (n;gulated in area 
by the fine screw) in the upper part 
of the air-valve. 

A spring is provided to supple- 
ment the rush of the steam and 
ensure the prompt closing of the 
valve when the lever is released. 

By suitably regulating the air- 
valve, the valve can be made to seat 
itself rapidly and without nois(‘. 

An extenshm-piece, Q, is made on 
the trigger to overbalance the other 
portions of the trigger and ensure 
engagemeuit with the lever. 

A double bearing is placed on the 
side of the cylinder to carry the 
side shaft C driving the valve gear. 

Two cams are used to open the 
exhaust- valves B, and the springs 
Fig. 37G. fitted to the extension of the ex- 

haust - valve sj)indles ensure the 
valve.s retuT*ning to their seats when the cams release. 

The separatism of the steam and the exhaust valves possesses 
many advantages ; it lends itself to the perfect adjustment of the 
steam-cycle, the exhaust valve opening and closing being no 
longer inter’-dependeiit as in the ordinary slide-valve, but the 
compression and exhaust opening can be regulated independently 
of each other. 

Adjustments are provided in the steam and exhaust valve coupling- 
rods and also in the vahx* spindles, which enable the load and cut-off 
to be vaiied, and the exhaust valve to be .slightly adjusted. 

A lever and weight is placed on the cut-off spindle L to ensure 
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the trip being held out of action in the event of any accident 
i happening to the governor or driving-gear, or when the safety device 
to stop ^he engine is operated. 

The cylinder is securely seated on two planed sole-plates let down 
on either side of the pit in which the exhaust valves work. 

h’igs. 378 and 379 show an inverted arrangement of the Hartnell 
spring governor. The bell-cranks carrying the governor-balls are 
fitted with rollers, A, in the ends of the short arms, and push on the 
T-headed governor s])indle B. The centrifugal force of the governor- 
balls has t(^ overcome the spring resistance plus the dead weight of 




the complete head, which includes the box surrounding the spring 
and the double-ended bracket carrying the centres of the ball arms. 
A heavier governor is obtained by this arrangement than the 
simple spring Hartnell governor, which is liable to hunt when 
working on a fine variation. 

The added dead weight of the inverted head tends to check the 
inter-revolution variation of the governor due to the varying angular 
velocity arising from irregular* turning effort on the craaik-pin. 

The governor spindle is of steel,’ and is hardened at the bottom 
where it rests on an adjustable toe-piece, also hardened. 
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The governor is driven by skew-geai Ing, the driving wheel of which 
is keyed on the side shaft. 

The gearing is cased in an^* flooded with oil, so that constant, 
lubrication is ensured. 

A cast-iron die-piecc is held by set screws 
between the side levei-s, and the governor 
motion is transmitted therefrom to the cut-oft 
gear. 

The communicating mechanism between 
the lifting levers C and D and the cut off 
spindle L is arranged so that the valve gear 
is disconnected from the governor in the event 
of an accident happening to the governor, or 
of its being inoperative. 



Fig. 380. 


F comes into contact with the small inclined lever G and moves the 
detaching lever so that the trigger cannot engage the trip lever, and 
the engine is stopped. 

Another lever, H, is also provided, to the end of which a cord is 
attached, which is connected electrically or otherwise to the various 
floors of the mill. Tn the event of urgent necessity arising to imme- 
diately stop the engine, the lever H is raised, and the small knock- 
out lever J lifts the catch-link F, the weight falls, and the engine 
stops. 

Fig. 377 shows the piston-rod stuffing-box. It is arranged with 
the front flange fitting into a bored portion of the bed, the flange 
being bolted up to the end of the bed, thereby forming an efficient 
air-jacket for the front end of the cylinder. The stuffing-box is fitted 
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witli a long neck bush of brass, and the gland is also brass bushed. 
The edge of the flange projects over the cylinder and holds the lagging 
in place. 

Figs. 32.3 and 324 show the girder bed for the same engine, 

which is cored out and 
planed to receive the 
cross-head. The flange 
is faced for attachment 
to the cylinder. Suit- 
able facings are also 
provided to receive the 
side shaft and governor 
brackets. 

A large cast-iron oil 
receiver is sunk into 
the ground to catch 
all oil from main bear- 
ings and crank disc 
when standing. 

Bosses and facings 
are provided to receive 
the handrail and pillar. 

Fig 380 shows a 
cast-iron disc crank 
which is forced on 
shaft, and into which 
the crank-pin is also 
forced and afterwards 
riveted over. The 
crank-pin is oiled from 
a visible drop lubri- 
cator, carried by a 
column by means of a 
centrifugal oiler. The 
oil is applied in the 
centre line of the shaft, and flows outwards to the surface of the pin 
through the pipe by centrifugal force. 

The ball which receives the oil is divided at the centre, so that if 
the crank stops on its top centre the oil will be retained in the cavity 
behind the rib, and not run out on the floor. 

Fig. 298 shows a piston, with studded junk plate designed for this 
engine. 

The studs have a collar, which is let into a recess, and a small pin 
driven into the side to prevent it turning. 

The piston block is coned on a swelled end on piston-rod with a 
l-in-8 taper. 

The rings are of L section, and the spring is of the usual plain coil type. 
l?ig. 381 shows the arrangement of- side shaft driving in conjunction 
with main girder. 
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The remaining details for the same engine may be completed from 
the examples given in the previous chapter on Engine Details. 

Proell Valve G6ar. — Pig. 382 represents n section of a cylinder 
fitted with the Proell valve gear, as made by Messrs. Marshall of 
Gainsborough. The gear consists of two oquilibrum admission 
valves, A, one to each end of cylinder. Those are alternately 



lifted by means of the valve spindles, which are each connected with 
trip levers, B. The trip levers are depressed by means of the bell- 
crank levers C, which hang on pins, PP, on opposite ends of the 
rocking-lever M. This rocking-lever is keyed to the same spindle, 
O, as the lever N, which is driven by the eccentric. 
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The ends D of the bell-crank levers, projecting inwards towards the 
centre, are brought into contact at each stroke with the trip pad E. 
The trip pad is .connected with the governor through the medium 
of the levers F and G and the shaft H, and the height of the trip pad 
determines the moment of cut-off of the steam, for as soon as the end 
I) of the bell-crank lever reaches the trip pad, any further movement 
of the rocking-lever disengages the bell-crank lever from the trip 
lever B, and the valve immediately closes. The closing speed of the 
valve can be very readily regulated by means of the spring K, which 
causes the valve to close rapidly and quietly. The Proell governor 
to work with this gear has already been described on p. 217. 



CHAPTER XXII. 

THE C0KLIS3 EHGINE. 

This engine wa.j the invention of th#' American engineer Geo. H. 
Oorliss, and first appeared in 1850. It has oeen much used since, 
especially for the larger sizes of high-class mill engines in all countries, 
and very generally for ordinary mills and factories in America. 

The Corliss valve gear possess<*s the following important advan- 
tages : — 

1. Reduced clearance volume and clearant*e surface, owing to the 
shortness of the admission and exhaust passages obtained by placii.g 
the valves close to the ends of the cylinders. In such cylinders the 
clearance will vary from 3 to 5 per ctmt. of the pi'^ton displacement. 

2. Separate valvc^s are used for steam and exhaust, the steem- 
valves being at the toj) c.orners of horizontal cylinders and the exhaust 
valves at the bottom corners, by* which means, during the flow of the 
steam from the cylinder, the exhaust surfaces are swept clear of water 
and a natural system of drainage is thus j)rovided. This advantage 
applies more especially to horizontal cylinders. 

3. It maintains a wide opening during admission of steam with 
a sudden return of the valve at cut-ofi‘, thus pre\enting wire drawing 
of the steam during admission. 

4. It permits of independent adjustment of admission arid cut-ofF, 
release and compression. 

5. It provides an easy and effective method of governing engines of 
large power, by regulation of the cut-off, through the action of a 
governor on the comparatively light working parts of the valve 
(lisengaging gear. 

It IS frequently claimed for the employment of separate steam and 
exhaust valves that condensation is reduced because the entering 
steam coming through a separate passage, and not through that 
through which the steam is exhausted, does not cc^me into contact 
with surfaces which have just been cooled down by the comparatively 
cold exhaust steam, as is the case when the port is common to both 
admission and exhaust ; but this claim is only valid if the area of 
clearance surface is reduced by the arrangement of separate valves, 
because in any case, all the surface up to the exhaust valve must be 
heated up each stroke whether the steam is admitted through the 
same or through a separate port. One important objection to the 
Corliss valve gear is the limitation of the speed of rotation of engines 
fitted with it owing to its action being dependent upon the engage- 
ment and tripping of catches. 

About 150 revolutions per minute is probably nearly the limit of speed 
(though speeds as high as 240 revolutions per minute are known in 
America). To avoid this limitation, the valve gear is now made for high 



332 


STEAM-ENGINE THEORY AND PRACTICE. 


rotational spoods without the trip-gear, the connection between the 
wrist-plate and the steam-admission valve being direct, and the 
regulation of the cut-ofF being obtained by varying the travel of 
the wrist-plate motion through a governor and link. 

Fig. 383 is an illustration of the general arrangement of a Corliss 
engine with a single eccentric for both admission and exhaust valves. 



Fig. 384 shows in skeleton the arrangement of levers by which the 
valves are driven. Motion is obtained in the first place from an 
eccentric on the crank-shaft which is connected by its rod to a 
vertical rocker-arm, QRS. Attached to the rocker-arm is the hook 
rod or lever FS which drives the Wrist-plate W, and causes it to 
oscillate about its centi*e of motion O. 
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Attaclied to the wrist-plate are four valve rods, two marked BB, 


A A 



Fig. 38t. 


attached to the two upper or steam -ad mission 
valve>s AA, aud two marked CO, to the two 
lower or exhaust valves EE. The valve rods 
and levers are sliowri in three positions — in 
the middle, and at the two ends of their 
stroke. 

The exhaust -valve rods are connected 
directly to the exhaust-valve spindles, but 
tliG admission-valve rods work loosely on 
the bosses of the valvc'-stem brackets. These 
levers engage the admission valve by means 
of a trip or* catcli, and the steam-port is 
thereby opened during the first portion of 
the piston path, after which the trip disen- 
gages the lever and the valve suddenly closes 
th(^ port by means of the weight or spring of 
the dash-pot plunger. 

The admission valve remains closed and 
at rest during the remainder of the stroke, 
also during the return or exhaust stroke, 
until it is again engaged by tlie catch so as 
to move the valve in time for the new stroke 
of the piston. 

Fig. 385 is a longitudinal and sectional 
view of a Corliss steam valve. 

Fig. 386 illustrates the trip-gear as used 
on the early Corliss engines, and as still used 
by many American engineers, and which is 
known as the “ crab-claw gear.’* 



Fig. 385. 
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The valve-rod B (Fig. 386) is driven from the wrist-plate. The belh 
crank lever AA is securely attached to the valve spindle C. A 
squared-headed bolt D, with a hole through the square head, is at- 
tached to the lower lever of the bell-crank A. The valve-rod B 

passes freely through the 
hole in the pivoted nut D. 
To the rod B a fork EE is 
pinned at F, and the lower 
limb of the fork is kept up 
to its work by a spring G as 
shown. A steel plate H is 
fixed in the upper face of 
the lower limb of EE, by 
which it catches the sleeve 
D of the lever A. 

When the catch H and 
sleeve D are engaged, as 
shown in Fig. 386, then the 
movement of the valve-i*od 
Fig. 38 (j. B to the left pulls also the 

bfdl-crank lever A A, and 
turns the valve on its spindle C, so as to open the steam-admission 
port. Cut-off at any required point is obtained by means of a dis- 
engagement of the catch H which liberates the bell-crank lever, and 
the valve is suddenly closed by the pull of the lever P. 

Disengagement of the catch is effected by means of a projecting pin, 
R, on a separate lever, S, which rides loose on the valve spindle C, and 
which is connected to the governor by the rod K. 

At a given speed the position of the projecting pin R remains 
constant, and as the lever A is pulled by the catch H towards the 
left, the curved upper limb of the lever EE comes into contact with 
the pin R and is depressed, and the catch H is disengaged from D. 

Tlie valve spindles are rectangular where they pass through the 
valves (Fig. 385). The valves may thus be easily twisted as required, 
and at the same time be free to move outwards relatively to the spindle 
as wear takes place. 

Fig. 387 shows an arrangement of Corliss valves for a vertical 
engine. S, S are the steam-admission valves, and E, E are the exhaust 
valves. The steam enters the cylindei’ through the port a, and 
leaves the cylinder through the opening &, when the exhaust valve 
uncovers the exhaust port c. The valves are here shown for mid- 
position of the eccentric, that is, the exhaust valves are just about 
to open or to close their respective ports, and the steam-admission 
valves overlap the ports, the amount of overlap in this position being 
the true “ lap ” of the valve as in the ordinary slide-valve. In 
addition to this lap, the valve, when liberated by the trip gear, 
swings further and covers the port by an amount greater than the 
lap, as shown by the dotted positions in the figure. This additional 
movement is called the “ seal ” of the valve, or the “ dwelling angle.’’ 
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To aet the Valves of a Corliss En^ne.— Usually marks are placed 
on the ends of the valves and on the valve-box, showing the relative 
positions of the working edge of 

the valve and of the port. Thub S - E 


in Fig. 387, 2 is the working 
edge of the steam-vaUe and 3 
of the steam-port ; also 4 is the 
working edge of the exhaust 
valve and 5 the working ('dgo of 
the exhaust port. A cent) e lino 
is drawn on the boss of the 
wrist-plate, and three lines are 
drawn on the periphery of the 
wrist-plate support, correspond- 
ing with the middle and two 
end positions of the wrist-plate 
' centre line (see Fig. 390). 

First the wrist-plate is set in 
its middle position with its centre 
line vertical. The steain-\ alves 
are then set so that they each 
have the required amount of lap. 
In the Fig. 387, the amount by 
which the edge 2 of the valve 
overlaps the edge 3 of the port 
when the wrist-plate is in mid 
position, is the lap of the valve. 

The amount of lap given de- 
pends upon the size of the engine, 
and may vary from y in. to ^ in. 
in small engines, to | in. or more 
in larger engines. 

The amount of lap can be varied 
by shortening or lengthening the 
valve rods by means of the ad- 
justable nuts on the valve rods. 

Similarly, when the wrist- 
plate is in mid position, the ex- 
haust valve edges 4 are adjusted 
equally in both exhaust valves 
to the exhaust-port edges 5. 



When the exhaust valves have S 


£ 


no lap, as is often the case, then Fig. 3S7. 

the edges 4 and 5 coincide for 

both the exhaust valves when the wrist-plate is in mid position. 

The rocker arm — to which the eccentric rod and wrist-plate lever 
are attached — stands vertical for horizontal engines (see QRS, Fig. 
383), or horizontal for vertical engines, when the wrist-plate is in 
mid position. 
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Fig. 388 gives a wrist-plate diagram. OD and OB show the ex- 
treme positions of the levers, and 0,0 mid position. This is a case in 



Fig. 388 . 


which a double reversal of stress 
takes place in the levers and pins 
during each forward and back- 
ward stroke of the wrist-plate. 
This is shown by the passing of 
the levers AB and OB outside 
the dotted line joining the centre 
O of the wrist-plate, and drawn 
tangent to the valve-lever arc, 
thus reversing the angle between 
the radius of the wrist-plate and 
the valve-rod. This is an objec- 
tionable arrangement, and should 
be avoided where possible. 

Setting of the Eccentric, for a 
single eccentric and one wri'jt- 
plate working both admission and 
exhaust valves. If the steam- 


valves and the exhaust valves have no lead, that is, admission and 
release take place at end of the stroke, and there is no compression, 
then the eccentric is set at right angles to the crank and it has 
zero angular advance. In this case the latest point of cut-off possible 
is at half-stroke of the piston, because the eccentric controls the 
valve during 90"^ rotfition of the shaft as a maxitnum, past the point 
of opening of tlie valve. At or b('fore the end of the valve stroke 
the trip gear, which is worked by the governor, liberates the valve, 
which suddenly closes and cuts off the steam-supply. The trip gear 
can only act during the movement of the gear tlirough some portion 

of this angle. In order to obtain lead of 
tlui valve, an early release, and moderate 
compression, the eccentric is given angular 
advance. This still further reduces the 
number of degrees during which the eccen- 
tric has control of the valve, and the maxi- 
mum point of cut-off is at some point 
earlier tlian half-stroke. 

Thus, if the eccentric, Fig. 389, is set 
with an angular advances 6 , then the eccen- 
tric is at E when the crank is at C. 

When the oi'ank has moved through an 
angle COC', the eccentric has reached E', 
the position of maximum opening of the valve, and the trip gear 
must have acted at or before this point. Hence crank position O', 



that is, cut off at ^ of the stroke, represents the latest point of cut-off 
Ij 


possible with this arrangement. 

If the valve lever were connected to the wrist-plate without any 
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trip gear, then the valve would gradually return and the port be 
closed when the piston is at seme point, 6, near the end of the stroke 
as with an ordinary slide-valve without lap, but in that case the 
special feature of the Corliss gear would disappear, as it was designed 
to provide an efficient means of obtainir g a ^ange of oarly cut-off 
points to secure ecoDomioal expansion of the steam in the cylinder. 

If a l£irger range of expansion is required than that provided as 
above, it is possible to secure it by the use cf two eccentrics and a 



double wrist-plate : one for the admission valves and the other for 
the exhaust valves, as shown in Figs. 390 et aeq. ' 

Considering further the case of the single eccentric, from Fig. 
384, it will be seen that the wrist-plate pin, F, travels through an arc 
dd! about its centre o, this angle being bisected by the vertical centre 
line through o. If vertical lines be projected from points dd’ to the 
horizontal centre line through o, and cutting it at ee’ respectively, 
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then ee' is the diameter of the virtual or equivalent eccentric giving 
the movement dd' to the wrisc-pin, and the throw of the actual 


eccentric = ed X 


QR 

QS 


The movement at the edge of the valve, for a given angular 
movement of the valve lever, is measured on the valve circumference. 
An important point to notice is the means which the wrist-plate 



provides for giving the valve small movements when closed, and 
large, and therefore quick, movements when the port is open. Thi.^ 
reduces the power required to drive the valve gear to a minimum. 
Thus, in the example, Fig. 384, during the movement of the wrist- 
plate through the first and second half of its total arc, the steam- 
admission valve moved through ‘11° and 27° respectively, and the 
exhaust valve 11° and 27° respec,tively. For ordinary engines of 
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the type illustrated in Pig. 383, the angular advance of the eccentric 
is made about 15°. 

The diameter of the valve ~ i diameter of ;yl]nder. The length 
of the steam-admis.sion port = diameter of cylinder, and the width 
of the port, as for all ordinary engines of the vslide-valvc type, = 

area of piston in square feet X piston speed In feet per minute 
6000 X length of port in feet 

The width of the exhaust port is made about 1.^ times that of the 
admission port. 

Pigs. 390 to 393 show Corliss cylinders in fdenation and section 



for a 15 in. x 28 in. X 36 in. cross-coupled compound engine, main 
bearings 9 in. X 16 in., running at 105 revolutions per minute, 
developing 340 I.H.P. as a regular load, and 425 I.H.P. with an 
overload, 160 lbs. boiler pressure, 26 in. vacuum. 

Pigs. 392 and 393 are longitudinal and tiansverse sections of the 
high-pressure cylinder ; the low-pressure cylinder is of similar design, 
but of larger diameter, and is not shown. 

The Corliss valve gear, shown in Pigs. 390 and 391, has a double 
wrist-plate, one for operating the steam-valves and one for the 
exhaust valves. This arrangement allows the steam to be admitted 
with a suitable lead, and it provides a range of cut-ofi* which may be 
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varied from 0 to f of the stroke. It also enables the compression to 
be adjusted to the varied requirements of the speed and load of the 
engine without interfering with the steam-admission arrangements. 

We have already seen that with the ordinary single wrist-plate 

gear, driven by one eccen- 
1 trie, when we have a 

small amount of lead and 
moderate compression, 
the point of cut-off cannot 
be later than about J of 
the stroke. But for 
smartly handling con- 
siderable changes of load 
with minimum change 
of speed, the ordinary 
single eccentric gear is 
not so good as the double 
wri st-| )late gear. 

Tn tlie latest examples 
of Corliss engines for 
central-power stations, 
doubk^ wrist-plates are 
us(5d on both high- and 
low-pressure ey li ii d e r s, 

and the cut-off in both 
cylinders is regulated by 
th(^ governor. By cut- 
ting off early in thf^ low- 
pressure cylinder at light 
loads, as well as in the 
high, and by having a 
large receiver volume, 
the pressure in the re- 
ceiver may be maintained practically constant and kept fairly high, 
by which means this storehouse of steam is instantly available for 
duty in the low-pressure cylinder to promptly take up any large 
iTicrement of load that may occur at any moment, without any serious 
change of speed ; whereas, in an ordinary engine with a small 
receiver and a cut-off on the high-pressure cylinder only, the steam 
in reserve for the low-pressure cylinder is practically nothing at 
light loads, and time would elapse before the low-pressure cylinder 
could help to deal with a sudden increase of load, and this would 
necessarily result in the mean time in considerable falling off of speed. 

Details of Trip Motion (Fig. 394). — The trip arrangement consists 
essentially of four pieces : (1) the valve-driving lever A, keyed direct 
to the valve spindle C, and which carries a hardened steel block, B, 
on which the trip catch D engages; (2) the double-armed driving, 
lever EE receiving motion from the wrist-plate through rod J, and 
mounted loosely on the overhanging wrought-iron tube in valve 
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bracket, and which has a stud in the upper boss carrying (3) the 
hanging trip catch DD. The trip catch is arranged to fall in its 
place by gravity when the le\er EE, on which it is mounted, moves 
into its extreme forward (arti-clockwise) position, and on the return 
(clockwise) stroke of the lever the catch then engages with the 
hardened steel block B on the valve^dihing lever A, the effect of 
which is to move tne valve on its ow^i axis, C, and open the steam- 
admission port. 

The catch is liberated by coming into contact with a detaching 
cam (4), marked E, whici^ 
is formed on a ring working 
loose on the boss of the 
driving-lever, and having 
an extended arm, which is 
attached by a rod K to the 
governor. The upper arm 
of the trij) catch ])D is 
shaped to a suitable angle, 
and slides up against the 
detaching cam, F, by wliich 
means th(i liardened ('dgo 
1) of the catch is disengaged 
from the block B, the valve 
spindle is liberated, and the 
valve is immediately re- 
turned by the pull of the 
d<‘ish-pot lever M to its }>o- 
sition of rest, closing and 
overlapping the steani-port. 

A supplementary spring, 

H, is placed behind the trip 
cat(di to assist gravity and 
■to make engagement cer- 
tain. The governing cam 
is moved as required by the 
governor through rod K, 
and it varies the point of 
cut-ofF by varying the posi- 
tion of the point of contact 
F from zero to the maxi- 394 

mum capacity of the gear. 

The period of impact of th(^ detaching mechanism is very short, and 
a moderately powerful governor is unaffected by it. The governor 
is free to move during the admission of steam, and can be made 
extremely sensitive, say within 1 per cent, variation. 

The Dash-pot. — The function of the dash-pot is to return the 
steam-valve quickly and noiselessly when the governor releases the 
trip catch. The dash-pot piston is sometimes pressed down by atmo- 
spheric pressure, a vacuum being formed under the piston as it is 
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raised by the valve-gear during steam admission. The dash-pot 
(Fig. 395) is controlled by a sp’^ing in preference to depending on 
, vacuum. The speed of 



closing can be accele- 
rated or retarded by 
regulating the air- 
escape plug A, which 
gives a less or greater 
compression of air as 
the escape plug is 
opened or closed. 

The lower cover of 



the dash-pot liolds in 
place two pieces of 
leather which form a 
pad or buffer, and finally 
bring the valve and 
dash-pot piston to rest. 

The ball-joint is pro- 
vided so that the con- 
nection between the pin 
in the steam-valve lever 
and the dash-pot piston 
can adjust itself to the 
line of least resistance, 


Fig. uOf). -D ash-pot Details. 


that is, the line of least 


friction. 


Fig. 396 shows an enlarged* view of the air-escape plug. 

The details of the other parts of the gear explain themselves. 

I Diagram of Steam- 



valve Movements. — 

Fig. 397 shows a geo- 
metrical analysis of 
the movements of the 
steam-admission valve 
gear. Arcs A, B, C, 
and D represent re- 
sj)ectively clearance 
nKm‘m('nt of valve 
lever to effect engage- 
ment of trip with valve 
lever, steam-lap, lead, 
and admission. 


Fig. 396. — Dash-pot Details. point of cut-off 

is determined by the 

governor, and the maximum is made as great as is consistent with 
the certain disen gag(uuent of the trip. The relation of crank-pin 
to eccentric is seen by following* the successive positions of the 
periods A, B, C, and D from the valve-lever, through the top and 
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bottom pins of the wrist-plate, v.> the circle of the eccentric 
path. 

It will be seen that the eccentric has negative angular advance 
that is, the eccentric has not moved ihivmgh 00^ from its extreme 
position when the crank is or the dead centre, but through an angle 
B less than 90°. 



Fig. 397. 


Diagram of Exhaust-valve Movements. — The theoretical indicator 
diagram, Fig. 39S, is first drawn to decide upon the points of release 
and compression, and the respective position of these points is pro- 
jected to the crank-pin 
circle below the indicator 
diagram. 

Radial lines are drawn 
showing the crank posi- 
tions at release and com- 
pression, that is, when the 



exhaust port opens and 
closes. If the angle be- 
tween these crank posi- 
tions be bisected, the 
crank position is obtainc^d 
at which the exheiist valve 
is at the extreme en<l of 
its travel ; in other words, 
this is the crank position 
when the eccentric is on 
the dead centre, or mce 



^ersd it is the eccentric 


Fig. 398. 


position when the crank 

is on the dead centre, and thus the relative positions of crank and 
eccentric are as shown in Fig. 398. 
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Fig. 399 ia a diagram showing the respective positions of crank, 
eccentric, wrist-plate, valve-rods, and levers for the exhaust valve. 

The circle of eccentric travel is first drawn on centre A, and the 
circumference divided into any number of equal parts numbered 
consecutively. These points are projected to the centre line, and 
with the length of the eccentric rod as radius corresponding points 



arc transfixed on the travel arc FG on the wrist-plate. The dis- 
tances thus obtained are then marked on the path of the pin HJ, and 
with the length of the exhaust valve-rod K as radius the movement 
of the exhaust pin on wrist-plate is marked off on the path of the 
pin of the exhaust valve-lever LM. It will be noticed that the 


ADMISSION EXHAUST 

I I 



movement of the valve during the half-period from 4 to 7 position 
(see valve lever arc LM) is much less than that during the half- 
period from 1 to 4. 

The pin on the vibrating lever from which the wrist-plate is 
driven is taken to represent the travel of the valve. The rqal travel 
of the eccentric is proportionately less, depending on the length of 
the lever couuegtions. 
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Fig. 400 is a drawing of the wrist plate details, showing the admis- 
sion and exhaust wrist-plates on the same spindle. 

Fig. 401 shows details of valve spindle gland and braclcet. Fig. 402 
shows in detail the adjustable head of the valve-rods. 


i 

As an example of the performance of engines of the compound 
Corliss class, the following results are given from a test of a pair of 



.Fig. 402. 


(Compound horizontal Corliss engines, made by Messrs. Hick, Hargreaves 
& Co., of Bolton. 


Diameter of piston, high pressure 

... riO in. 

„ low pressure 

... r)G „ 

Diameter of piston-rods 

6 „ 

Stroke 

... 5 ft. 

Clearance of high-pressure cylinder 

4 per cent. 

Clearance of low-pressure cylinder 

... 5 

Diameter of air-pump 

... 25} in. 

Stroke of air-pump 

... 20 „ 

Diameter of air-pump rod 

... 3} „ 
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Diameter main Bteam-pipe 

Flywheel diameter, grooved to receive 30 ropeo 
Volume of receiver between high-pressure exhaust 
valves and low-pressure adrnissiou valves 

Boiler pressure 

Piston speed 

Total I.H.P 

Dry steam per T.TI.P. per lu>ur 

Dry coal per I.II.P. per hour 


12 ins. 

26 ft. 

117*12 cubic ft. 
112 lbs. 

GC6 ft. per min- 
882-2 
14-42 lbs. 

1-74 




Fig. 405. 

Fig. 405 gives reduced copies of the indicator diagi*ams. 

]<Tgs. 403 and 404 arc the elevation and plan of a pair of 13-in. X 26-in. 
coupled geared winding engines suitable for sinking and winding 
in auriferous countries. 



CHAPTER XXIII. 

QUICK-REVOLUTION ENGINES. 

Considerable hesitation is often felt by engineers accustomed to slow 
rotational speeds to the introduction of engines running at speeds so 
high that the separate working details become almost indistinguish- 
able. But experience— and by this time a very large experience — 
has shown that such hesitation is unnecessary, and that with a 
design suitable for the purpose, such as is now supplied by several 
firms making a speciality of high speeds, no trouble need be expected 
on the score of rate of revolution. 

The quick-revolution direct-coupled steam-engine is the result, in 
the first instance, of the urgent demand for such engines for the 
direct driving of dynamos. 

In order to combine high speeds with large power, it is necessary 
to make the piston area large as compared with the length of stroke, 
and this suggests the probability of loss of i^ffickuicy by excessive 
clearance. The volume of the clearance in any cylinder varies nearly 
with the area of the piston, and is inde})endent of the length of 
stroke, and when expiTSsed as percentage of piston displaceraimt, the 
proportion of clearance will obviously increase as the length of stroke 
decreases. 

In the long-stroke engine the clearance may be from 3 to 7 per 
cent., while in the short-stroke type it may range from 10 to 20 per 
cent, or more. Where the compression does not reach initial pressure, 
the loss by clearance may thus be large, but this loss is reduced when 
the engine is compounded, hence the special value of compounding 
in the short-stroke type of engine. 

Apart from the application of such engines for direct driving of 
dynamos, some advantage of the high rotational speeds are (1) that 
such engines may be smaller for a given power. (3) Tlmy give a 
more even turning moment than the slower engine of the same power. 
(3) There is a gain in steam economy at the high rational speeds, 
owing to the maintenance of a higher mean tempi'rature of cylinder- 
walls, and a consequent reduction in the amount of condensation in 
the cylinder, when compared with the long-stroke engine. 

Single-acting Engines. The Willana Engine . — This famous engine 
is the design of the late P. W. Willans. It has been the subject of 
most exhaustive trials and experiments, the results of which are 




FtG. 400.— The Willans Engine. 

In the first place, it is a single-acting ” engine, that is, the steam 
acts upon one side of the piston only. A disadvantage of this 
arrangement is that for a given power the cylinder capacity must be 

' Vroc. Imi. C.E,^ vole, xciii., xcvi., and cxiv. 
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twice as great as in a double-acting engine, or else the engine must 
run twice as many revolutions per minute. The advantage of making 
the engine single-acting is that it may be run at the highest speeds 
comfortably, without any danger of knocking, and without the 
necessity for frequent adjustment of brasses, because in the single- 
acting engine the working parts are in a condition of constant thrust, 
that is, the piston-rod is pressed against the crosshead-pin, and the 
connecting-rod against the crank-pin, not only during the working 
stroke, but during the return stroke also. There is no tendency to 
knock, because there is no change of direction of force transmitted. 
In order to secure that the condition of constant thrust is maintained, 
and that the connecting-rod and piston-rod are not flung away from 
their respective pins on the upper portion of the up-stroke, an amount 
of compression must be provided (either by the steam or by other 
means) which shall always cause a downward pressure in excess of 
the upward accelerating force. In the Willans engine, the requisite 
compression is obtained by means of an air-chamber above the guide- 
piston — the lowest piston on the rod. This piston on th(^ up-stroke 
compresses the air contained in the chamber above the piston, and 
thus any amount of compression can be obtained according to the 
clearance allowed. The work expended in cornpressing the air is 
given out again by expansion on the succeeding down-stroke. 

The slide-valves are of the piston type, all on one rod, and work 
inside the hollow piston-rod, the valves moving over ports cut in the 
form of elongated passages in the hollow piston-rod as shown. This 
arrangement reduces ch^arance volume to a minimum, and scarves ;is 
an excellent means of draining the (cylinders of water, the wat(U' 
b(iing swept out with the eJthaust steam when the valve uncovers 
the port. 

Steam is admitted above the top piston through ports in the hollow 
piston-rod, and is (exhausted to under side of same, in each case 
entering and leaving the cylinders through ports in the piston-rod. 

Each line of pistons is comiected to its corresponding crank by 
two connecting-rods, with a space between them, in which works an 
eccentric forged solid on the crank-pin. 

The reason the eccentric is on the crank -pin, and not on the shaft, 
as usual, is that the valve-face (i.e. the inside surface of the hollow 
piston-rod) moves with the piston ; consecjuontly the valve-motion 
required is a motion relative to the piston, and this is obtained by 
mounting the eccentric on the crank-pin. 

The cranks dip ' l^odily into tlu^ lubricant in the crank chamber 
every revolution. In (loing so they splash the oil over the main 
bearings and other portions requiring lubrication. 

The engine is governed by a throttling governor. 

Keferences are made to the high economical performance of this 
engine elsewhere (see pp. 314 and 315). 

The Peache engine (Fig. 407) is another example of a good type 
of single-acting engine. The excess pressure is maintained on the 
pistons, in the direction of the crank-shaft, during the up-stroke, so 
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that a constant thrust is maintained on all bearings both on uj) and 
down strokes, by means of the compression and subsequent expansion 
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its motion from a point on the connecting-rod. This valve motion 
provides for the placing of the Valves in a convenient position at 
the back of the cylinders. There are no eccentrics on the crank- 
shaft, and therefore room is left for long and well-supported crank- 
shaft bearings. The crank-shaft and other working parts run in a 
bath of oil and water. The engine consists of three tandem compound 
engines combined and working on clanks at 120°. The steam is 
distributed to the two cylinders of each engine by a single piston valve. 
The steam enters by a branch on the low-pressure cylinder-casting, 
and at the centre-line of the steam-chest, and passes right and left by 
passages formed in the casting to the other two steam-chests. At the 
top of the stroke the high-pressure piston uncovers two small by.e-pass 
ports which communicate with the space underneath that piston, and 
thus for an instant at the top of each stroke the space called the con- 
trolling-cylinder is placed in communication with the high-pressure 
cylinder, and by this means the initial pressure of steam in the con- 
trolling cylinder is maintained at a constant proportion to that in the 
high-pressure cylinder. 

In the condensing type engines, in which the ratio of expansion 
and range of temperature is large, a steam-jacket is applied to the 
controlling cylinder, so that the steam in the controlling cylinder becomes 
a medium for the transfer of heat from the steam-jacket to the working 
surfaces of the high-pressure and low-pressure cylinders. 

To maintain a constant thrust on the valve-motion an air-buffer is 
adopted. 

A feature of this ('ngine is the position of the crank-shaft, which 
is placed in front of the cyjinder-axis. This position is adopted to 
obviate reversal of pressure of* the cross-head on the guides, which 
occurs in a single-acting engine with the usual position of crank- 
shaft. It will be seen that the connecting-rod is nearly vertical 
during the down-stroke, when the heaviest pressures are being trans- 
mitted by it, and that during the up-stroke, when the angle the 
connecting-rod makes with the piston-rod is large, the pressures 
transmitted are small, but the angle of the connecting-rod being 
always towards the back cross-head guiding surface, the resultant 
pressure is always on the back guide. 

Results of Trials op 150 Hoese-power Peacue Compound Engine. 

Condensing. Non-condensing. 


Steam' oil eat pressure 

... 94 lbs. 

119 lbs. 

Revolutions 

... 498 

438 

M.E.P 

... 40-01 

42-96 

I.H.P 

... 141 

160-5 

E.H.P 

... 124-3 

128-0 

Efficiency pen cent 

Steam per I.H.P. per hour 

... 88-3 

85 

... 18-4 

22 

„ E.H.P. „ 

... 20-9 

25-8 


The Bellm Engine . — This engine well illustrates the possibility of 
running double-acting engines at high rotational speed without fear 
of excessive wear and knocking. It is claimed for it that its success 



Comparative Trials op Belltss 2/50-H.P. High-speed SELF-LUBRicATiNa Engine, Condensing, when governing by 

Expanding and by Throttling.* 


quick-revolution engines.. 


35J 



From Froe. Inst. Mech. EngineerSy 1S97. 
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is chiefly due to the application of forced lubrication, that is, supplying 
the lubricant to the moving parts under pressure. The pressure 
i*equired for this purpose is not the maximum pressure on the bearing, 
but only a pressure sufficient to force the oil into the bearing on the 



return stroke, when the pressure is reduced on one side of the pin; 
while on the driving stroke the time is not sufficient to squeeze the 
oil from between the surfaces, before the pressure is again reduced 
and the supply renewed. 

The difficulty felt in running double-acting engines at high rotational 
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speeds arises from the known necessity of close adjustment of brasses 
to avoid audible kiiock and ensure quiet runnin,<^ ; aiivl this necessary 
closeness of adjustment renders the pin and its be a,ring liable to got 
hot and the pin to seize. The liability to seize arises from the fact 



Scale 

Fig. 409.— 'The Belliss Engine. 


that, owing to the necessary closeness of fit, any small increase of 
temperature in the pin causes sufficient expansion to make it overtake 
the small clearance j>erinissible when cold, and trouble immediately 
follows from seizure of the pin.^ 


* Seo Daks oa “ High-speed Eugides,” Proc. C.E„ vol. cxxxvi. 
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There cannot, however, be any increase of temperature in the pin 
so long as the pin ?ind its bearing are well supplied with oil between 
the surfaces, hence the value of forced lubrication. 

In the Beiliss engine the forced lubrication is supplied to all the 
bearings by means of a simple pump without valves or packing, dis- 
charging the oil at a pressure of about 15 lbs. per square inch through 
a specially arranged system of oil-distributors shown in Fig. 408, 
which is a sectional elevation of the Beiliss engine.; Fig. 409 is a 
side elevation of the same engine.^ 

It will be seen that the steam is supplied to the engine after first 
passing it through a large separator, where water-particles in the 
steam due to , priming in the boiler or condensation in the pipes are 
separated, and the steam is passed forward in a drier condition to the 
engine. 



There is only one slide-valve for the two cylinders placed between 
the high and low pressure cylinders. It is of the ])iston type, and 
is driven by a single eccentric as shown. 

The goveiMioT* is of the throttling typo, working an equilibrium 
throttle- valve (Fig. 409), and is adjustable by hand while the engine 
is running. 

The table shows the performance of this engine undi'r two different 
systems of goveriiiug. 

Plate II. and Figs. 410, 411, 412 are sectional drawings of a high- 
speed double-acting compound engine specially designed for this book 
by Mr. T. Bcott-King. 

The engines have 10 in. x 16 in. cylinder X 8 in. stroke ; the 
cranks are opposit-e 

' From llic Proceedings of (lie Jmt of Me<h Effgrs 
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It will be noticed from the plan (Fig. 412) that the centres of the 
cylinders are kept as close as possible by arranging the high-pressure 
valve somewhat in front ot, and the low-pref’sure valve behind, the 
centre line of the two cylinders. 

The slide-valves are driven by one eccentric only the valve-rods 
being connected to separate arms pretending from the eccentric rod. 
Both of the valves are of the piston type ; they are therefore in 
equilibrium. 

The weight of the moving parts of the two engines is made equal, 
by increasing the thickness of the high pressure piston. 

Exceptionally long metallic-packed piston-rod stuffing-boxes are 
provided. 

The engine is fitted with a very complete system of forced lubrica- 
tion to all the bearings, the lubricant being forced by means of a simple 
pump driven from the eccentric strap. Advantage is taken of centri 
fugal force to distribute the oil to tlie crank-pins anci eccentric. 

A throttle- valve governor is attached, as shown, and the working 
parts of the engine are completely enclosed. 

Figs. 413 and 414 are illustrations of the Sissova high-speed engine. 
The special features of the engine are (1) the self-adjusting crank- 
pin brasses in the large end of the connecting rod already shown in 
Fig. 320. 

(2) The arrangement of the cylinders so that the centre-lines of the 
engines may be kept as close together as it is possible to get them. 
The object of this is to reduce the rocking moment ; the high-pressure 
piston and its long piston-rod are together made equal in weight to 
the low-pressure piston and its rod. The rocking moment of the 
couple is as nearly as possible counteracted by balance weights 
attached to the outer crank webs. The cranks are opposite, and the 
(mgine runs very steadily, 

(3) The slide-valves are both of the piston type ; the liigh-pressure 
valve has inside steam-admission, and the low-pressure valve has 
outside steam-admission ; thus there is simply a plain neck connecting 
the high-pressure cylinder exhaust with the low-pressure cylinder, 
and no stuffing-box is required there. The only valve-spiinjle stuffing- 
box is at the lower part of the low-pressure cylinder, where it is exposed 
to the pressure and temperature of receiver steam. The valve-spindle 
is provided with an air-cushion cylinder, thus reducing the load on 
the valve-gear to, a minimum. 

(4) This engine lends itself well to the use of superheated steam, 
first because of the absence of a valve-spindle stuffing-box in the 
initially superheated steam, and secondly because of the length 
of the bush of the high-pressure piston-rod, which removes any 
possibility of difficulty occurring with the high-pressure stuffing- 
box. 

(5) This engine is fitted with a governor (not shown) which 
acts on the cut-off, varying the number of expansions during tho^ 
fall from full-load to medium load, and afterwards completing thel 
governing of the engine by throttling. This system of governing 
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ie in accordance with the teaching to be deduced from Fig. 367, from 
which it is seen that below a attain load throttling governing is 



Fio. 413 

the more economical ; above that load, governing by variable expansion 
has the advantage. 
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Direction of the Stresses in Single- and Double-acting Engines. 

In the single-acting engine thej^e is in every revolution — 

(1) A reversal of the 
twisting stress in the 
crank-shaft, the piston 
driving the crank during 
the down - stroke, and 
the crank lifting the 
piston during the up- 
stroke. 

(2) A reversal of the 
mean direction of the 
bending sti^esses on the 
crank-pin. This will 
be seen by considtuing 
the diagram (Fig. 415). 

Thus, suppose the circle 
1 2 3 4 to represent the 
crank - pin travelling 
round the circular crank- 
pin path of a vertical 
engine. Here, when the 
piston is at the top of 
its stroke, there is a 
vertical bending stress 
on the crank-pin in the. 
direction 1 to 3 ; at 
half-stroke downwards, 
the bending is in the 
direction 4 to 2 ; at 
the lx)ttom position, the 
bending at end of sti’oke 
is in the direction 3 to 
1. The mean bending 
is in the direction 4 to 2. 

On the return stroke 
the crank lifts the 
moving parts, and the 
mean bending stress is 
now in the direction 2 
to 4, which is opposite 
to that in the downward 
stroke. 

In the double-acting 
engine the twisting 
stress on the crank-shaft 
and the mean bending action on the crank-pin are not reversed, 
and in these respects the advantage is with the double-acting 
engine. 



Fig. 414. 
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On the other hand, in the double-acting engine there is — 

(1) A reversal of the stress in the piston-rod and connecting-rod, 
these rods being in compression on the down-stroke and in tension 

on the up-stroke. 

(2) A reversal of the bending stress on the 
cross-head pin. 

In the single-acting engine there is no 
reversal of stress in the piston-rod and con- 
I necting-rod, these rods being always in com- 
pression for both strokes; and the bending 
stress on the cross-head pin is always in one 
direction. In these latter respects the single- 
acting engine has the advantage. It will 
also be .noticed — 
pjQ 415 (1) That in the double-acting engine the 

wear on the cross-head pin is on both its 
top and bottom surfaces, and on both the top and bottom cross-head 
pin brasses — hence the tendency to knock ; while in the single-acting 
engine the wear is on the upper portion only of the cross-head pin, 
and on the top cross-head brass only. 

(2) That in the double-acting engine the wear is on both the top 
and bottom of the crank-pin brasses, causing a tendency to knock ; 
while in the sipgle-acting engine the wear is on the top crank-pin 
brass only. 

(3) The pressure on the brasses in single-acting engines being 
never entirely relieved, the lubricating arrangements require to be 
carefully designed. 

The crank shaft has probably been the cause of most trouble in 
high-speed engine practice, the fault being usually want of sufficient 
diameter, and a consequent tendency of the shaft to bend, causing 
uneven wearing in the bearings, heating, and more or less frequent 
breakages. 

Shafts are now made of larger diameter than formerly, the objection 
to increased rubbing velocity at high speeds is removed by improved 
methods of lubrication. 

The shafts and other working parts are further stiffened by using 
steel of high tenacity. 




CHAPTER XXIV. 

THE MARINE ENGINE. 

Figs. 416, 417, 418 illustrate types of triple-expansion marine engines 
showing various arrangements of cylinders. The letters of reference 



Fig. 41G. . Fig. 417. 


on the cylinders — IT.P., high- 
pressure cylinder; I.P., inter- 
mediate-pressure cylindei ; and 
L.P., low-pressure cylinder — 
indicate the progress of the 
steam from admission to the 
high - pressure steam-chest to 
leaving the engine on its way 
to the condense' r. 


TO CONDENSER 



Fig. 418. 


Fig. 418 shows two low-pressure cylinders. This arrangement is 
adopted where a single low-pressure cylinder casting becomes too 
large. It is also convemient for the pui’pose of more effectually 
balancing the engine. 

Fig. 419 is given as illustrating a good example of a modern 
marine engine of the four-crank triple-expansion type. Each 
of the two low-pressure cylinders has half the piston area of 
the one large low-pressure cylinder which would otherwise be 
required. 

The engines are capable of developing about 660 I.H.P. 





Fig. 419.— Four-crank tiiple-expansion marine engine. 



THE MARIHE ENGINE. 


365, 


The dimensions and other particulars are as follows . 


Diameter of H.P. cylinder 


13 in. 

» L.P. , 


22 „ 

„ F.L.p 


23i 

A.L.P. 



Stroke 


2\ „ 

Boiler pressure 


170 lbs. 

Revolutions per minute 


166 

Piston speed „ 


581 ft. 

Vacuum ... ... .... 


26 in. 

Indicated horse-povN er — 

H.r. cylinder 

... 213 

LP 

... 2 i 2 


P.LP. „ 

... 107 


A.L.P. „ 

... 128 



— 

6 G 0 


The two forward cranks are placed directly opposite each other, ana 
the two after cranks in the same relative positiijn to each other, but 
at right angles to the two forward ones. The pistons working in 
opposite directions are made of equal weights.^ 

The engines arc fitted with only two sets of slide-valves and valve 
gear, and in each case one valve regulates the steam- distribution to 
two cylinders. 

Plate III. illustrates the engines of the s.s. Inchmona^ which is con- 
structed with the special object of high steam economy and freedom 
from vibration. These engines are built with five cranks, and the 
boiler pressure is 255 lbs. per square inch, the steam being generated 
in cylindrical boilers of the ordinary multitubular type. This is 
probably the first instance of so high a pressure being caiTied in a 
large boiler of this type. The boilers were tested by Lloyd’s sur- 
veyors to 510 lbs. per square inch hydraulic pressure. 

The engines are quadruple expansion, with two low-pressure 
cylinders, making five cylinders connected to five cranks. The cranks 
are set at equal angles. The engine is designed so as to have light 
reciprocating parts, equal weights of recipro;;ating parts on each 
crank-pin, to divide the total work between five cranks, thus reducing 
initial stresses on the bearings, and distributing the total power at 
five equal points round the crank circle. 

The boilers are fitted with a battery of steam-drying tubes through 
w’hich the steam passes on its way to the engines, and the cylinders 
are very thoroughly steam -jacketed. The feed-water resulting from 
condensation is taken up at a low temperature due to the adoption of 
a high vacuum, and is passed first through feed-heaters heated by 
exhaust steam, and then through a fui'ther series of feed-heaters 
working at successively higher pressures and temperatures witli 
steam taken from successive steam-chests, so that before the feed 
enters the boilers it is at a temperature about 400° Fahr. 

The boilers are fitted with the induced draught system of Messrs. 

* From a paper hy Mr. John Thom, read before the Inst, of Engineers and Ship- 
builders, Scotland. 
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John *Brown k Co,, of Sheffield, by means of which a rate of idom- 
btistion can be maintained of 40 lbs. of coal per squar^ foot of fir% 
grate, } 

Trials of these engines resulted in a consumption of TO 7 Hi ^of 
North country coal per I.H.P. per hour. • 

In the series of marine engine trials conducted by a committ# of 
the Institution of Mechanical Engineers,^ the following results were 
obtained : — 




llevolutioiiB. 


Feed-water 

Fuel per 
I.P.H.* per 


p’-esjsure. 

Stroke. 

1 

per I. H P. 
per hour. 

Compomd engines — 



in. 



Fusi Yaina 

50-8 

55-6 

33 

21-2 

2-G6 

0«»lohe8ter ... 

80-5 

86-6 

36 

21-7 

2-90 

Ville de Douvros ... 

105-8 

3682 

72 

20-8 

2-82 

Triple expansion — 





Meteor 

14.*)-2 

71-8 

48 

15 

2:01 

Tartar 

143-6 

70*0 

42 



1-77 

Iona 

165 0 

611 1 

39 

13 3 

1-46 


Reduced consumi)tion of fuel per unit of power has steadily 
followed the gradual increase of steam-pressures, as will be seen 
from the following table of inanne-cngiue performance : — 


Year. 

IJoiler-pressure 
by gauge. 

'J’ype of 
engine. 

Consumption of 
coal per I.H.P. 
per Imur. 


lbs. 


lbs. 

1830 

2 to 3 

Simple 

90 

1840 

8 


5-5 

1850 

14 


4-0 

1860 

80 


80 

1870 

1 50 


2-6 

1880 

80 

Compound 

2-2 . 

1886 

160 

Triple 

15 

1896 

255 

Quadruple 

1-07 


Particulars of some War-ship Engines and their Performance. — 

; Indicat(Kl horse-power, 18,000; twin engines, cylinders, 
33^ in., 544 in., 63 in., 63 in. ; stroke, 48 in. ; revolutions, 120 ; piston 
spot‘d, J)60 ft. p(n' min, ; working steam-pressures 300 lbs. to 250 lbs. ; 
Belleville boilers, 24 ; heating surface, 43,260 sq. ft. ; grate area, 
1375 sq. ft. ; heating surface per I.H.P,, 2*4 sq. ft. ; T.H.P. per sc^uare 
foot of grate area, 13 1. The boilers are worked with natural draught: 

Cruisers: Indicated horse-power, 30,000; twin engines, cylinders, 
43J in., 71 in., 81^ in., 81^ in. ; stroke, 48 in. ; revolutions, 120; 
piston speed, 960 ft. j)er min. ; Avqrking steam-pressure, 300 lbs. to 

* Ptoc. Imf. Mech. Evgrt.^ 1894, p. 83. 
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250 lbs. ; Belleville boilers, 43 ; heating surface, 71,970 sq. ft. ; grate 
surface, 2310 sq. ft. ; I.H^P. per ton of machinery, 12 ; heating surface 
per 2*4 sq. ft. ; I.H.P. per square foot of grate, 13*0. 

The following are paVticulars and data of trial s .>f H.M.S. Am'yM- 
trite : — * 



IjOW' 

power- 

Medium 

power. 

Maximum 

power. 

Steam-presBurc in boilers ... 

22d 

252 

279 

„ at engines ... 

212 

240 

254 

Mean pressures, lii^h 

87-3 

89-r 

J02-8 

> „ intermediate 

15-5 

36-3 

442 

„ forward low 

5-5 

131 

16*9 

„ aft low 

65 

13-3 

16-9 

Revolutions 

72*5 

111-1 

121-8 

I.H.P. starboard engine 

1899 

6898 

9171 

„ port engine ;.. 

1852 

6797 

9058 

I.H.P. total 

3751 

13,695 

18,229 

Coal per I.H.P. per hour 

1 54 

1-43 

1-57 

Coal burnt per square foot of 1 
grate per hour ... lbs./ 

9-84 

— 

19-8 

Cut off per cent., high 

— 

64 

66 

„ ,, intermediate 

— 

65 

— 

„ „ low 

— 

70 

— 


Ratio of Power to Dimensions of Ships. — 

If H = indicated horse-power ; 

V “ speed in knots ; 

1) = displacement in tons ; 

C = a constant. 


Then n = 


X 

C 


l^or large and fast steamers, C = 250 
For large cargo vessels, O — 235 
For cruisers and battleships, C = 225 
The above are average values of the constant C. 



CHAPTER XXV. 

THE LOCOMOTIVE. 

420 illustrates the general arrangement and construction of an 
express passenger Inconictive engine. 

It is necessary that the locomotive shall be self-contained, that 
is, it must consist of a boiler and an engine, and the whole machine 
must be placed upon one carriage. The problem for locomotive 
engineers is how to obtain the greatest possible power for the least 
possible weight. This is done by using small boilers of great 
strength, maximum heating surface, and maximum grate area, 
working at a high rate of evaporation, using steam of high pressures 
in small cylinders and running at high rotational speeds. The 
que^stion of economy of steam is compromised for the sake of power 
combined with greitest possible reduction of weight. The engine 
and boiler are each bolted to the frame of the carriage. The frame 
is self-contained, and through it the \^'hole of the stresses due to 
the pressure on the pistons and the pull on the draw-bar due to the 
load arc transmitted. 

It will be noticed that the axle of the trailing wheels is placed 
just behind the boiler, the axle of the driAung-wheels just in front 
of the tire-box, leaving clearance for the cranks and connecting-rod 
heads. 

The bogie carriage works on a pivot beneath the cylindersi The 
bogie wheels guide the engine and prepare the rails to receive the 
weight of the large driving-wheels ; the hind, or trailing wheels, 
steady the engine, while the driving-wheels transmit the power 
of the engine to the rail, and they are placed as nearly as possible 
under the centre of gravity of the whole. The example has the 
slide-valve chest between the cylinders, and is fitted with the 
Stephenson link motion. 

Plate IV. is a drawing ^ of a four-wheeled coupled express passenger 
engine for the Lancashire and Yorkshire Railway, and designed by 
Mr. J. A. F. Aspinall. Figs. 421, 422 and 423 are various views of 
the same engine. The cylinders are 18 in. in diameter by 26 in. 
stroke, the diameter of the bogie-wheels being .S ft. 0^ in., and the 
driving-wheels 7 ft. 3 in. The dimensions of the various parts of 
the engine are given on the drawings. The weight loaded on the 
bogie is 13 tons 16 cwt. ; on the driving-wheels 16 tons 10 cwts. 

* From tlic Mechanical Engineiti June 25, 1898. 
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and on the tmiling wheels 14 tons 10 cwt. ; making a total weight, 
exclusive of tender, of 44 tons 16 cwt. 

The fire-box is of the ordinary type, the roof teing carried by bridge- 
bars, supported by sling-stays from the crown of the fire-box casing. 
The sides are supported with copper-screwed stays having eleven 
threads to the inch and riveted over on the ends. The area of the 
fire-grate is 18 J sq. ft. The barrel of the boiler is arranged in 
three plates telescopically, and measures 4 ft. 3 in. in diameter by 
11 ft. between the tube-plates, there being two hundred and twenty 
tubes with an external diameter of IJ in. 

The total heating surface of the tubes is 1108 sq. ft., and of the 
fire-box 107*6 sq. ft. There are two Eamsbottom duplex safety- 
valves fitted on the cover of the manhole mouthpiece, at the top of 
the fire-box casing. The valve gear is of the Joy's type. The slide- 
valve chests are above the cylinders, and thus permit of a maximum ‘ 
diameter for the cylinders. 

Fig. 424 is an outline drawing of an exceptionally powerful type 
express passenger engine built for the Lancashire and Yorkshire 
Railway by Mr. J. A. F. Aspinall. 

The special feature is the boiler, which is much larger than usual. 
The heating surface is 2052 s(p ft. ; the grate area is 96*06 sq. ft. j 
driving-wheels 7 ft. diameter, coupled. The cylinders are 19 in. 
diameter by 26 in. stroke ; length of steam-ports, 1 ft. 5 in. ; width 
of steam-ports, in. ; lap of slide-valve, 1 in. ; maximum travel of 
slide-valve, 5 in.'; lead of slide-valve (constant), jein. The valve-gear 
is Joy's. 

Fig. 425 is an outline drawing of a North-Eastern express passenger 
engine by Mr. W, Worsdell. JThe engine has inside cylinders 20 in. 
diameter and 26 in. stroke. 

Fig. 426 is an enlarged drawing of link-motion details for a 
locomotive. 

Joy’s Valve Gear, — This gear, as fitted to locomotives, is illustrated 
in Fig. 427. From point A in the connecting-rod, preferably about the 
middle motion is imparted to a vibrating link, B, constrained at its 
lower end to move in a vertical plane by the radius rod C. From a 
point D on this vibrating-link a lever, *E, is attached to a centre or 
fulcrum, F. The lever E is extended beyond centre F to K, from which 
point the valve spindle is driven through the link G. The fulcrum 
F partakes of the vertical movement due to the oscillation of the con- 
necting-rod in a vertical plane. To guide the centre or pin F in its 
vertical movement, it is carried by a block working in a slot, J, which 
is curved to a radius equal to the length of the link G. The slot itself 
is formed in a disc or block, which is pivoted on a centre which 
coincides with the centre F of the lever E at the moment when that 
lever is in the position due to the piston being at either end of the 
stroke. The disc or block containing the slot is • capable of being 
partially rotated on its centre or pivot, so as to incline the slot over 
to either side of the vertical by .means of the lever M, thereby 
causing the curved path traversed by the centre F of the lever E 




Fig. 425. — Express passenger engine, North-Eastern Kailway- 
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to cross the vertical arc, aad thereby give the valve spindle the 
required faoriaqptal movement. 



• The forward or backward motion of the engine is determined by 
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giving the slot an inclined position on one or other side of the 
vertical line as required. ^ ^ 

When the slot is in an 
exactly central position, this 
position is mid-gear travel ct 
the valve, and the steam is 
admitted at each end of the 
stroke through a port-opening 
equal to the amount of the 
lead. With this gear the lead it» 
constant for forward and back- 
ward strokes, and for all de- 
grees of ex.pansion. For when 
tho engine-crank is set at the 
end of the stroke, either way, - 
the centre F of the valve 
lever E coiiicid(‘s with the 
centre of the slot, and ther.*- 
for'e the slot may be rotated I 
on its pivot from forward to • 
backward gear without adect- ’ 
ing the position of the valve. 

Fig. 428 is an enlarged view 
of the steam regulator-valve 
of the equilibrium type, as 
used for admitting steam to 
the engine. 

Fig. 429 is an enlarged de- 
tail drawing of a Ramsbottom 
safety-valve as used on loco- 
motives. 

Train resistance consists of 

(1) Resistfince due to friction 
— this is much modified by 
the effect of wind and curves ; 

(2) resistance due to gra- 
vity. 

A formula for train resist- 
ance due to friction, based on 
the results of experiments, is 
given by Messrs. Pettigrew 
and Ravenshear ^ as follows : — 

R = 9 + 0*007 

where R = resistance in lbs. 

per ton, and 
V ^ velocity in miles 
per hour. 

* “ Manual of Locomotive Engineering,” p, 77 
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therefore = 


W 


Beaistanoe due to Gravity, — The \,?ork done by a locomotive in climlv 
ing an incline is fgund thus : Let the line de (Fig. 430) make an 
angle B with the horizontal line fe. Draw a vertical line ah through 
the centre of gravity of the weight = W, and drow ac at right angles 
and ch parallel to de. Then ae is the reaction of tiie plane, and ch is 
the tractive force required. But triangle? def and hai. are similar ; 

df ^ he ^ tractive force 
de ah load 

or, tractive foKje = resistance ~ load x un 0 

The total resistance R' to bo overcome is equal to the sum of the 
resistances due io friction and 
gravity respectively ; thus : 

li' = (9 + 0*007 VO + 2240 sin 0 

, . ^ vertical rise 

where sin 6 = --j — 7-. ,- 

length or incline 

and R' = lbs. per tori of load. 

Tractive Force of Locomotives. 

— The power of the pair of engines 
with cylinders of equal diameter 
and stroke, such as are used in 
non - compound locomotives, is 
estimated as for any ordinary case, but the tractive force which can 
transmitted will depend upon the diam<'t(U’ of tlie driving-wheel and 
the force of adhesion of the wheel and rail. 

Work done in one cylinder duiing one revolution = 2 ^ ) 

where d = diameter of cylinder in inches ; 

L = length of stroke in feet ; 

p = eih^ctive mean pressures of steam per square inch. 

Work done in two cylinders during one revolution 3= 

And this work per revolution is equal to the tractive force T X circum- 
ference ttD of driving-wheel ; 

therefore T.d'Lx> — TttI) 



or, T = 


d^\jp 

~ir 


where the values of L and D are both in the same terms. This 
is the formula for the tractive force exerted by an engine ; thus, 
for cylinder of 18 in. diameter, 26 in. stroke, and 7 ft. driving- 
wheels — 

18 X 18 X 26 

Tractive foice = =100 28 lbs. 

per 1 lb. mean effective pressure of steam on the pistons. 

The force which can act through the wheel depends upon the 
adhesion of the wheel to the rail, and this is proportional lo the 
weight W on the driving-wheel, other things being equal. W is 
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the share of the weight of the engine carried by the driving-wheels, in a 
single driving-wheel engine, but by coupling the driving-wheels to two 
or more wheels on each side of the engine, the adhesion will be due to 
the sum of the weights on the coupled wheels. 

Performance of Locomotives. — The following particulars are from 
tests recently made of a London and South-Western express 
engine : ^ — 


Class of eni^ine 

Diameter of driving-wheels 

„ cylinders 

Birok© 

Mean Ixiiler-pn ssure ,,, 

Grate area 

Coal burnt per square foot of ^rate area per hour 

„ „ I H.P. per hour ... 

Calorific value of I lb. of coal ... 

Water evaporated per pound of co«l 

„ „ from and at ‘21 

Food temperature 

Maximum l.H.P 

Mean l.H.P 

Maximum vacuum at base of chimuey 

Mean 

Maximum temperature of smoke-box gases 
Menu „ ♦, „ 

Mean „ nir-box gases ... 

Back pressure at maximum l.H.P. 

„ speed 


4 wheels coupled 
85 in. 


167-5 lbs. 

18-14 sq. ft. 

62-51 lbs. 

2 81 ., 

18,903 B.T.U. 

9-232 lbs. 

11-35 
61 ° F. 

684-1 

490(> 

8-5 in. 

4-93 „ 

585° F. 

488*9° F. 

68 ° 

10 lbs. per sq in. 
5*38 


The average steam-consumption given in Mr. Drummond’s trials of 
non-compound locomotives are — 


24 lbs. per l.H.P. per'‘hour at 150 lbs. pressure. 

18*3 lbs. per l.H.P. per hour at 200 lbs. pressure. 

Mr. S. Johnson^ gives particulars of a trial of a single driving- 
wheel locomotive on the Midland Railway, showing that the engine 
burns 2*9 to 3*1 lbs. of coal, and uses 29 lbs. of water per l.H.P. per 
hour when the horse-power is 400. 

Some extremely interesting experiments with a locomotive have 
been performed at the experimental laboratory of the Purdue 
University by Professor W.F.M. Goss and his staff. The locomotive 
used was built at the Schenectady Locomotive Works, and it has 
cylinders 17 in. diameter and 24 in. stroke. 

The power of this engine while running under a full throttle and 
with a boiler-pressure of 130 lbs. is shown by the following table : — 

* Proceedings Tmt. C.E., vol. o.xxv. See also Mc.3srs. Pettigrew and Ravensheav’s 
“ Manual of Locomotive Eri};ineering.” 

Presidential address, lust. Mecb. Engrs., 1898. 
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Indicated Horse-tpwer at Different Speeds and Different CuT-orra. 
Boiler-pressure, ?30 lbs.; Throttle fully open. 


speed in | 
miles. 

Revolutions 
per minute. 

Indicated-Uorse.pover at the following 
cut-off? : — 

6 in. 1 

8 In. 1 

10 In. 



35 

31 

! 190 * 

270 i 


25 

135 i 

223 

368 1 

455 

35 

1S8 1 

298 

431 

501 

4.5 

242 

302 

437 

_ 

55 

29G 1 

292 

438 

— 


‘‘ The power of any locomotive is limited at low speed by its 
adhesion j at higher speeds by the capacity of its boiler.” 

An important point to which Professor Goss calls attention is the 
relation between the speed of a locomotive and its effect upon the 
mean effective pressure in the cylinder. This is shown in the following 
table : — 


Mean Effective Pressure at Different Speeds and Different Cut-offs. 
Boiler-pressure, 130 lbs.; Throttle fully open 


Speed la 
miles. 

t 

Revolutions 
per minute. 

Mean effective pressure at the following 
j cut-offs : — 

6 in. 

8 in. 

10 In. 

15 

81 

1 

435 ' 

6 1 '9 

_ 

i^5 

135 

.30 5 

51 '2 

63 3 

35 

188 

296 

424 

480 

45 

242 

23-2 

,33-2 

— 

55 

296 

183 

27-4 



These two tables show “ that the power of the engine tested 
increases with increase of speed up to about 35 miles per hour (18S 
revolutions per minute). Above this limit the power remains 
practically constant.” 

The reason of this is, of course, that as the speed increases the 
mean pressure of the steam in the cylinder at tlie same time falls, and 
the product of mean pressure and piston speed is about constant 
above a certain speed. 

With regard to the steam-consumption of locomotives, Professor 
Goss gives the following table : — 
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STiAM-CX>NBCfMPTI05I TER IkDIOATED IIoBSE-POWEB PER HoUR AT DIFFERENT’ 

Speeds and Different Cut-offs. * 



* 

Steam-consuraption in pounds per I.H.P. 
per hour. 

Sp» <Hl i»i 

Revolutlonr 

1 



zuiios. 

per miuute. 

Cut-off in inches of stroke. 



6 in. 

8 in. 

10 in. 

15 I 

' 81 

28-93 

27-66 


25 

135 

28-06 

26-60 

2S6 

85 1 

188 

26-93 I 

26-28 1 

30-1 

45 

242 

28-60 

28-45 

— 

55 

298 

30*64 

3200 

1 ’ 

— 


The compound locomotive has made some progn^ss in recent years, 
especially on the Continent and in Amei‘cia, but it has not, so far. 
been very generally adopted in this country. 

The most notable exceptions to this statement are the engines 
built by Mr. Webb for the London and North-Western Railway, and 
those by Mr. T. W, Worsdell for the Great Eastern and North 
Eastern Railways. 

Fig. 431 illustrates the Webb compound three-cylinder engine, 
consisting of two outside high-pressure cylinders 14 in. diameter and 
24 in. stroke, which drive outside cranks on the trailing wheels ; 
and one large low-pressure inside cylinder 30 in. diameter and 24 in. 
stroke, placed between the frames and below the smoke-box, driving 
on to the single crank-axle of tliQ middle pair of wheels. 

More recently Mr. Webb has designed an engine with four 
cylinders (Fig. 432), two outside high-pressure cylinders 15 in. 
diameter, and two inside low-pressure cylinders 16^ in. diameter. 
All the cylinders are 24 in. stroke. These are all situated in a line 
below the smoke-box, and all drive on to one axle. There are two 
coupled pairs of wheels 7 ft. 1 in. diameter. 

Various experiments have been carried out, proving generally the 
superior economy of the compound engine, varying in amount of from 
9 to 17 per cent, or more. But less convenience and promptness in 
handling, are stated as reasons for the general preference for the 
simple, type. 
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Fig. 431 .- Express locomotive — Webb three cylinder compouud, L. and N,W. Railway. 




Fi«i 432 .— Express locomothe - W^bb four-c^l’.iiier compound, E. and N.W. Railway 




CiHAlTER XXVI. 

THE STEAM TURBINE. 

The iiitroduciion of the dynamo war Uie beginning of a demand for 
high speed of rotation of prime n\overs. Originally the dynamo ran 
much faster than the engine whieh drove it, and .i belt connection 
between the engine and dynamo was always rcoorted to. The problem 
at that time for dynamo designers was how to design a dynamo 
which could run direct-coupled to the slow-revolution engine, and 
the solution resulted in designs having extremely large diameters. 
At the same time, by the efforts of Willans, llelliss, and many others, 
the high-speed or quick-revolution engine was introduced, which ran 
at such a speed that dynamos of moderate dimensions could be direct' 
coupled to the engine driving them. 

Meanwhile, many engineers and inventors were working on the 
idea of a steam turbine which should be capable of doing work on a 
practical scale by the kinetic energy of steam issuing from a jet at 
high velocity. With the success of these eflbrts the problem was 
entirely reversed, and it now became the question how to design a 
dynamo which should be efficient at the extremely high rate of 
I'otation of the turbine spindle, an even more difficult problem than 
the first one for continuous-current work. 

All these, designs of low and high rates of rotation have their 
advantages and their limitations, but there is probably a field for 
all of them, each in its way being more suitable than the others under 
certain conditions. 

At the lower po'wers the reciprocating engine will, no doubt, hold 
its own, but for the highest powers the steam turbine, for certain 
classes of w'ork, appears to be gradually superseding the reciprocating 
engine. 

Among the most successful practical designs of steam turbines 
now in use in this country may be mentioned the Parsons, the 
l)c Laval, the Westinghouse- Parsons, and the Curtis. ' 

Action of a Jet upon the Vanes of a Turbine. — Considering first 
the simple case of a jet of water impinging on a scries of flat vanes, 
as in a water-wheel, the jet striking the vanes at right angles to their 
surface. 

Here the function of the vane is to change the direction of flow 

2 c 



EFFICIENCY % 


JS6 S7'jr^M-£'JVG/JVi: r//£OJ^y PA'AC77C£. 

oi %he jet, the pressure on the vane being clue to the change of 

momentum of the Said mass. In 
I hig. 433 the flui<5, after impact, flows 

away in direction at right angles 
'( to the surface, and the pressure or 

! impulse of the jet upon the vane 

. j j ! » r 7' is equal to the change of momentum 

V LL per second — 

]' ' W 

I ' 7^® ~ 

I where v is the velocity of the jet, u is 

the velocity of the wheel, and W is the 
weight of water impinging per second. 


The work done per second = — (r — 'u)u ft.-lbs. (ii.) 

and the total kinetic energy of the jet = . . . . (iii.) 

therefore the efficiency of the arrangement = E = (ii.) ~ (iii.) 

. . (iv.) 

Differentiating we have — 


Equating to 0 to find the condition of maximum efficiency, we have — 
2 iji .. V 

V 2 

that is, the efficiency becomes a maximum when the peripheral 
velocity of the wheel is one -half the velocity of the jet. 

- Example.— L et a jet with an 

initial velocity of 200 ft. per 

second impinge on the vanes of 
/ \ a wheel, and let the weight of 

fluid discharged from the jet be 
10 lbs. per second. 

Then the kinetic energy of the 
. _ _ 10 X 200 X 200 

~ 2g y 2 X 32-2 
= 6211 foot-lbs. 

Taking various values for u, 

^ - U namely, ^ 5 . etc-, calcu- 

® ^ ^ ® ° V lating efficiencies and plotting, 

FiQ. 434. Yre obtain the curve as in Fig. 

4 ^J 4 , showing that the maximum efficiency is obtained when « = 
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Thus, whea it = 


2-5 


work done on tho vanes = ~ -(v — u)\i 

9 


= A?(200 - SO'li^n fooUbs, 
S 


-= -2981 foot-lbs. 
2^HJ 

and efficiency = ^ = 0*48 


The maximum <*fficien(^y is 50 per cent., which is the bct u that oan 
be obtained with this shape of vane. 

The motion of a fluid flowing in contact with a moving vane may bo 
resolved into — 

1. A motion equal to that of the vane, and in the same direction. 

2. A motion relative to tlie surface of the vane. 

The motion of the fluid relative to the surface of the vane may bo 
altered in direction but not in magnitude. In the case, however, of 
steam or expanding gases, motion relative to the surface of the vane 
may be altei’ed both in direction and magnitude. 

The inutioji relative to the 

vane is parallel to the surface, . 

and, neglecting friction, is con- 6 

stant for Iluids. 

The pressure between Iluid and 
surface is normal to the surface. ^ 

When a jet flows on to a Fig. 4:Ua. 

surface, and is thereby deflected 

through a given angle 0, the impulse F acting in the original direction 
of the stream is given by the formula — 


F 


Wv 


(1 cos C) 


(V.) 


This expression represents the change of momentum of the mass. 
Thus, when the jet is deflected through an angle of 90 , 
then — 


F - 


Wy; 

0 

Wv 

if 

Wv 


(1 — cos 0) 

(1-0) 


(vi.) 


The stream has now no velocity in the original direction. When 
the angle of deflection is greater than 90^^, as in Fig. 4fl4B, 
then — 
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Wft 

r= ^’^{1 - cos ( 180 » - 
Nfv 

= \,”(l -(-costf)} 

W» 

~ ^ ^) • • • • • . (vii.) 


Showing that a bending back of the stream through an angle grealei 

than 90^ gives an impulse 
greater than that obtained 
when the angle is loss than 
90 ^\ 

When the stream leaves 
the surface of the blade in 
a direction exactly opposite 
to that which it had on 
entering, then — 



and 


cos 0 = CCS 180^ = 1 



(1 + 1 ) = 


2W?; 

S' 


(vlii.) 



Fig. 4H1c. 


Tliat is, the impulse is double that in 
case (vi.). 

In practice that condition cannot bo en- 
tirely fulfilled, because of the necessity for 
getting the fluid into and out of passages 
freely, and the angle of the surface of the 
blades both for inlet and outlet edges is 
therefore opened out not less than 20'^ (see 
Fig. 434c). 

In this case — 


Wr 

F - (cos ^ + cos (/>) 


(ix.) 


Taking now a vane cup-shaped, 



Fig. 435. 


the wheel = m — (r — w) = — r. 

the vanes of such a wheel is equal 
second. 


as in the Pelton wheel, we have 
the water leaving the vane in 
a direction exactly opposite to 
that of the original jet ; the 
velocity of the jet relatively to 
the wheel is (v — u) when enter- 
ing the wheel, and — (w — u) 
when leaving it. The absolute 
velocity of the jet when leaving 
Then the pressure or impulse on 
to the change of momentum per 
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W , W 

-g ^.r (2« - = 3— (» - m) lbs. . , 

w 

and the work done pbr second = 2 — (v u)u foot-lbs. 

( W ) 

tlie efficiency E = ^ 


(^■) 

(xi.) 

(xii.) 


then 


40 ; 


If u 


V 

7 


/()w 


that is, if the peripheral velocity of the wheel is half the velocity of 
the jet, then, with the semicircular cup-shaped vane, the efficiency 
is unity, or 100 per cent. 

Comparing equations (i.), (ii.), and (iv.) with equations (x.) (xi.), and 
(xii.), we see that the pressure on the vane, the work done, and the 
efficiency of the semicircular vane are in each case double that with 
the flat vane. 

Pressure Head and Kinetic Head. — Tt has been already shown 
(p. 14) that when gas or steam at a pressure acts upon a piston 
against a back pressure the work done during admission and 
expansion — 



When steam at a pressure meets with no resistance to its flow, 
but is allowed to flow freely from pressure to pressure the 
energy is absorbed in giving motion to the steam, the “pressure 
head ” is converted into “ kinetic head,” and the velocity of the flow 
is accelerated. 

These two forms of energy are interchangeable — in other words, the 
loss of pressure head is equal to the gain of kinetic head. Thus — 


kinetic head = pressure head 

2;/ M— (jj,/ 


In the reciprocating engine work is done by means of “ pressure 
head ; ” in the steam turbine work is done by means of “ kinetic head.” 
Given equal efficiency of machines, the work which may be done 
theoretically by the two modes of application of the steam is equal. 
In practice, there are sources of loss of efficiency in both reciprocating 
engines and turbines, but there are reasons for concluding that, at 
least for higher powers, the turbine is the more efficient machine. 
Velocity of the Steam. — To determine the dimensions of the 
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turbine to deal with a given weight of steam, it is necessary to know 
tb^ velocity acquired by the steam due to the liberated energy for a 
given fall of pressure ; also to know the change in specific volume due 
to the. same change of pressure. 

The velocity (V) of the steam for a given fall of pressure top^ 
may be obtained from the following equation, which is deduced from 
the equation above t — 

Example 1. — Find the velocity acquired by steam at an initial 
pressure of 150 lbs. per square inch absolute, falling freely to a 
pressure of 15 lbs. abs. 




r 




= X 

V 35 - 1 

^ ^64-4^X^H35 ^ ^ ^ ^ 

= 2916 ft. per second 


Example 2. — Find the velocity acquired by steam at an initial 
pressure of 150 lbs. per square inch absolute, falling freely to a 
pT'Cssure of 1 lb. abs. 






= X 150 X 144 X 3-011 X 0*4519 

=. 3989 ft. per second 


A more accurate method of determining the steam velocity V is 
to equate the kinetic energy to the change of internal heat energy in 
the steam. Thus, in falling from pressure py io p.^ without resistance, 
the w^ork done in generating velocity in the steam is ecpial to the 
difference of beat energy in the steam before and after the expansion 
(s-ee pp. 55, 56) — 


or 


Y2 


J (hy — • ^2 “f“ ^ 2 ^ 2 ) 


Assuming the steam dry to begin with, and its initial velocity at 
Pi equal to zero, then — 

its velocity at p 2 = ^ = ^9^ (h + Ej — 

where X 2 is the dryness fraction of the steam after expansion (p. 44) — 
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Example. — Let drj’' saturated steam at an initial pressure of 
150 lbs. abs. ej^pand adiabatically to u5 lbs. ,aos. ; then the heat 
converted into the work ot* generating kinetic energy is obtained as 
follows ; — 


Fix’st find .^ 2 , which 
(From the tables) x.j 


/\ '1\ , lat. 


j; 


86r 


( locr ’i" ~ o-874 

'^''674 ^ 819 / 905 “ ^ ^ 


The value of be obtained by direct moasuremont from the 

temperature-entropy chart (Plate 1.), as explained on pp. 44, 4 5. 

Then for steam atp, = 150, 4- Lj = 1191 

„ „ j)o =- 15, A, + = 18i“=^ -f 0*874 X 965*1 

= 1025-3 

Then heat converted into work = 1191*2 — 1025*3 

- 165*9 B.T.U. 

And velocity Y generated in the steam at pressure assuming 
all the energy is used in accelerating the steam, also that the initial 
velocity = 0, is obtained as follows : — 

V = 

‘ = ^6'4*4'^778 X 165*9 

= 2882 ft. per second 

Since = 223*8, the expression for velocity may be written— 

V = 223*8 

or if the steam velocity be divided into a number of stages n, then the 
velocity Vj of the steam at each stage = 


V, 


223*8 



B.T.U. 

7i 


Fig. 436 shows a curve of heat units liberated for a given fall of 
pressure from p, = 10 atmospheres downwards. The ordinates i^ire 
heat units, and the abscissie pressures per stjuare incli in atmospheres. 

In Fig. 437, the upper curve (starting from 10 and passing through 
K and L) is a curve of velocities, V, upon a pressure base, showing 
how for a given fixed pressure p^, here taken at 10 atrnosphen^s per 
square inch absolute, the velocity of a freely flowing current of steam 
increases as the pressure is reduced. 

The way in which the kinetic energy of the steam is applied differs 
with different designs of turbines : thus, (1) the steam may be allowed 
to fall at once through the whole range of pressure in the nozzle, after 
which the steam at its maximum velocity is directed upon the vanes 
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of a single turbine wheel, as in the case of the De Laval turbine ; or 
(2) the steam may act by a series of successive small reductions of 
pressure upon a number of successive alternating fixed guide-blades 
and turbine wheels upon a single axis, each separate wheel dealing 
with a limited portion of the pressure range, as in the case of the 
Parson’s turbine; or (3) any combination of these methods, as, for 
example, the Bateau and the Curtis turbines. 



In the De Laval turbine, in cons^^quence of the whole of the 
liberated heat energy of the steam being converted into velocity in 
the nozzle, the steam enters the wheel at from 3000 ft. to 4000 ft. per 
second, depending on the exhaust pressure. Since the theoretical 
speed of the wheel should be one-half that of the steam, we should 
have a peripheral wheel speed of 1 500 to 2000 ft. per second. But 
this speed, which is equal to about one-third of a mile per second, is 
far in excess of what is practically safe, both because of the stress in 
the material due to centrifugal force, which increases as the square of 
the velocity, as well as from the difficulty of balancing the rotating 
mass ; and in practice the peripheral speeds adopted are much lower, 
though at the expense, of course, of thermal efficiency. 

In Fig. 437 is shown diagraramatically the means adopted in a 
multiple wheel turbine for obtaining a high thermal efficiency while 
keeping down peripheral speeds. 

The upper continuous curve, as stated above, gives the velocity 
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obtained in a single nozzle for p, iall of pressure through the whole 
range, which, if used yi a single wheel, requires for maximum thermal 
efficiency a peripheral speed wheel given by line AB. 

The serrated horizontal line drawn about CD sh^ws how the energy 
of the steam may be utilized while keeping down peripheral speeds. 

Considering each single set of fixed and movmg blaaes as a separate 
and independent turbine, the velocity of the steam depends on the 


FT. PER; 
SEC. 



difference of pressure on the two sides of the rings of blades, and this 
pressure difference can be made very small, depending as it does upon 
the number of rings of blades employed. 

In Fig. 437, the case is taken of steam movdng with a mean 
peripheral velocity of 750 ft. per second. 

The increase of velocity (as at GH = QH — PG) in passing from 
ring to ring of blades is due to fall of pressure (OP — OQ) on the two 
sides of the blades. 

The fall of velocity (as at HJ — QH — QJ) represents the difference 
between the absolute velocity of the steam on entering and on leaving 
the blades of the rotatory wheel. 

Each of the slanting lines, such as GIT, drawn about the mean- 
velocity line CD is parallel to the corresponding portion of the upper 
velocity curve for the same range of pressures ; thus G H is parallel to 
KL, each of these lines representing the rate of increase of velocity 
due to a fall of pressure from OP to OQ. The vertical lines through 
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P, Q, R, and 8 are drawn by dividing the velocity scale into a number 
of equal distances, as NM and TV, projecting to the curve and 
dropping perpendiculars. 

It will be seen from the diagram that a given increment of velocity 
(and therefore of energy) requires a fall through a larger range of 
pressure at the high-pressure end of the scale than at the low-pressure 
end ; thus NM and TV are equal ranges of velocity, but PQ is 
gre^ater than liS. 



JO 0 tt 7 6 5 4 3 2 I 0 

PRESSURE IN ATMOSPHERES 

Fio. 438. 


Area of the Steam Passages. — In the case of an ordinary steam 
nozzle, as also in the case of the steam turbine itself, the same weight 
of steam is passing per second through the successive sectional areas 
of the current, though the pressure, the velocity, the specific volume, 
and the sectional area respectively will each vary from point to point 
of its path through the turbine from the stop-valve to the exhaust. 

The sectional area of the passages at the various points of its course 
per pound of steam employed is given by the equation — 

A„V„ = 

for any given pressure where A* =.- the sectional area of the steam 
passage in square feet per pound of steam employed ; V = the velocity 
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of the steam in feet per second ; * and v ~ the specific volume or volume 
per pound in cubic feet at the given pressure p, or — 

specific volume 

area = - — 

velocity 

Fig. 438 is a curve showing how the s^jcticnal area of the current 
varies for steam starting at a pressure, ~ 150 lbs. abs., and ex- 
panding without resistance to pressure p.^ (the pressure in the con- 
denser). 



The horizontal base is a scale of pressures, and the vertical scale is a 
scale of areas in square feet. At each successive point on the pressure 
line ordinates A are set up, by calculation from the formula — 

A = r -- V 

where v is measured for the successive pressures from Fig. 439, and 
Y from the upper curve of Fig. 437. 

From Fig, 438, and using the same range of pressure, we may obtain 
a longitudinal section or profile of a suitable nozzle to deal with the 
weight of steam required ; thus (area per pound of steam) x (weight 
of steam) = area required ; and diameter at any section of nozzle 
= V Q-rea 0*78. 




398 STEAM-ENGINE THEORY AND PRACTICE. 


Fig. 440 shows the longitudinal section of nozzle constructed by 
making the ordinates = D calculated as above, and by setting off the 
abscissas to a scale of pressures, the scale chosen being preferably some 
function of the pressui’e, such as log p. The nozzle must not be made 
too short, otherwise eddying and confusion of currents is set up, which 
reduces the efficiency. 

' It will be seen that the nozzle at first rapidly converges till it 
reaches a narrowest section or throat (B). 



In the case of steam (unlike that of a liquid, ^vllcre the volume 
is constant), the sectional area of a suitable nozzle must provide, not 
only for the increasing velocity due to fall of pressure, but for the 
increasing specific volume due to the same cause. It will, of course, 
be noticed that these two variables are opposite in tendency in their 
influence upon the sectional area of the passage, the increased velocity 
requiring reduced sectional area, and the increased specific volume 
requiring increased sectional area. 

The nozzle is convergent at first, because as the pressure falls the 
velocity increases faster than the specific volume, and thus the value of 
A = r/V decreases. This continues till the pressure reaches a limiting 
value, where A is a minimuin. Beyond this point the nozzle is 
divergent, because the rate of increase of v is greater than the rate 
of increase of V j hence the value of A = v/V increases, the rate in- 
creasing slowly at first, but afterwards rapidly at the lower pressures. 

Maximum Rate of Plow through an Orifice.— Considering the 
case of the flow of steam through a simple orifice, then, for a given 
constant value of of the initial steam, as the back pressure p.^ is 
reduced the velocity of flow through the orifice increases, and this con- 
tinues to be the law so long as p 2 does not fall below a certain critical 
pressure. 
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This pressure is reached when p. = Pi X 0-58. Thus, if the initial 
pressure =: J50 lbs. abs., and sijcaa* flows from a vessel at this 
pressure through an (5rifice against an exhaust pressure the rate of 
flow will increase as the back pressure p. is reduced, till the pressure pj 
at the orifice = 150 x 0*58 = 87 lbs. At this pressure we have now 
reached the maximum rate of flow. Any further reduction of back 
pressure po will have no efiecb in ’ncreaFiiig the rate of flow through 
the orifice. 

This law is embodied in Napier’s formula, namely — 

70 


where W = maximum fiou of steam in pounds per second through an 
orifice of p.rea a sq. ins,, provided that the back pressure p.^ is not higher 
than 0*58 pj. 

This determines the maximum weight of steam which can flow thre-ugh 
a given orifice for a given value of 

The kinetic energy of the steam at the orifice is that due to the 
heat liberated by the fall of pressure from top, x 0-58 only. By 
further expanding the steam beyond the orifice, in a suitably shaped 
nozzle, to the pressure po in the coiuhmser, the reiiniining available 
kinetic energy of the steam may be utilized. 

For a simple convorgont nozzle the equation on p. 389 can be used 
to deterniins the maximum rate of flow through an orifice, and to 
deduce Napier’s formula: 


Y- 

2^7 





(>) 


Let A = area of orifice ; then the volume of steam passing per 
second = AV. 

Let r.j = volume of one pound of steam at the final pressure p^ ; then 
the weight of steam W passing the orifice per second is — 


But 


Vo 


Vi 


Substituting the value of V from equation (1) 




( 2 ) 
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To find the ratio of Pi so as to give a maximum W, let-& = r, 

2 n + l 

Then, for different values of r, W is a maximum when )» — j’lT 

\pJ \pJ 


is a maximum, because all the rest are constants. 

2 ^+J 

To find when (r)7i — (r) n is a maximum differentiate and equate 
to jzero. 


Then 




— -- (r> = 0 

71 ^ 


i 0 / w -4- 1 \ 

Dividing by (r)n, 7/r) = ( — ' ~ ) 

and r = (” v-)'"” o'’ 

For dry saturated steam 7i may be taken = 1-135, 

r = 1 - " ^ Vd35 =. 0*575 or = 0*575 
\ 2-135/ Pi 


From this result it is seen that the maximum flow of steam takes 
place when jjj is 0*5757)j. Reducing the final j^ressure of the steam 
below this pressure do()s not increase the flow. 

If the value of po wliich makes the discharge a maximum be substi- 
tuted in equation (1), a formula is obtained giving the velocity of the 
steam at the throat of the nozzle — 


V 




/ 


V 


71 — 1 


Pi^l 




n -f 


: Pi^i 


a -f 1 

n + 1 


If dry steam is expanded adiabatically the index n is 1*135 and is 
ve:'y little less when the steam is not dry. Put n = 1*135 and let 

V{ 

Pj = pressure in lbs. per sq. in.' = . . / . 


Then 


/2X 32'2 X 1-135 
V 2-135 


X 144 Pi«?i 


= 70*2 V^PiVi 


Since is nearly constant for the pressures usually employed, the 
velocity at the throat of the nozzle will be nearly constant for all 
initial pressures* Its average value is about 1475 ft. per second. If 
the initial pressure is constant, the pressure and volume at the throat 
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will be constant as welf as the velocity, and hence thd £|.rea at the 
throat determines the amount of stleani discharged. 

The use of a divergent nozzle is necessary when the final pressure of 
the steam is less- than 0‘575pi it the kinetic energy of the jet is to be 
utilized. If there is no divergent portion beyond th throat, the steam 
spreads out on entering the low-pressure medium, and the energy 
developed by the expansion is wasted in prc^^ cing vibrations of the 
meciium and in eddies. 

The divergent portion of the nozzle directs the steam in a definite 
direction, and by allowing for its expansion the velocity is greater at 
the end of the nozzle than at the throat. 

The maximum discharge of steam from a nozzle may be determined 
as follows ; — 

Substitute in equation ( 2 ) the value of V Tor maximum discharge, 

^ b \/ J 

taking w = IT 35 aiid'^”^ 0 58 

W = «.2A^'r, 

This can be r educed to Napier s formula by assuming = a constant 
= 141 and substituting A = ; 


W 


W 


43-2 X a 
144 

70 


\/' 


Pr 

441 


Nozzle Design. — The important points in the design of nozzles are 
the area at the throat or smallest part, and the area at the end of the 
nozzle if divergent. 

The initial pressure and weight of steam required to pass the nozzle 
may be taken as being known. If the filial pressure is 0‘575jt>i or less, 
then Napiers formula may be used. 

W = 

70 

where W is the weight of dry steam discharged in pounds per second ; 
p, is the initial pressure in pounds pc^r square inch, and a is the area 
of the throat in square inches. For steam of a dryness x the following 
formula is very nearly correct : — 

70WV.T 

W = 7 — or a = 

iOVx pi 

Example. — Find the area required for a nozzle to discharge 800 
lbs. of steam per hour having a dryness of 0*96 ; initial pressure 
being 100 lbs. absolute, and final. pressure 14*7 lbs. 
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The imal pressure being less than 0*575 X 100, Napier's formula 
may be used 


The area of the throat having been obtained, the area at only one 
point in the diverging part is necessary as this part of the nozzle is 
made straight. 

Let a = area of the throat ; 

u = specific volume of steam per pound at the throat ; 
r = velocity of steam at the throat ; 
a: = dryness of steam at the throat. 

Let «!, t/j, Wi, be the corresponding quantities at a point in tho 
diverging part. The weight of steam passing the throat is — 

(W 

ux 

The weight of steam passing the point selected is— 

or 

iix UiXi a Viiix 


^ _ 70/6~96 X fiOO 
I00'x 60 x 60' 


0T52 sq. im 


The distance of the point from the throat may be varied by varying 
the angle of the diverging cone. 

The usual cone angles employed in tlie nozzles of De Laval turbines 
vary from 10^ to 20°. 

Example. — Find the size* of a suitable nozzle to expand 800 lbs. 
of steam per hour having a dryness of 0*96 from 100 lbs. absolute 
to 15 lbs. absolute. Neglect losses. 

The area for 800 lbs. at the throat by Napier’s formula = 0*152 sq. in. 
Let Wi, Vi and .t’l be the volume, velocity and dryness respectively of 
the steam at the end of the nozzle. Then may be found from tho 
entropy chart, may be calculated from the tables, and Vi calculated 
as explained on p. 591. 

= 0*863; w, = 26 27 ft. 

From the entropy chart the heat drop =135 B.Th.U. 

rj = 224^1^5 = 2600. 

The pressure at the throat = 100 X 0*575 = 57*5 lbs. and from 
the entropy chart the dryness x, after expanding from 100 lbs. to 
57*5 lbs. = 0*927 ; heat drop = 42 B.Th.U. 

w = 7*46 V = 224 4 1*9 = 1450 ft. per second, 

. ^ ^0*152 X 1450 X 26*27 x 0*863 

= 0*278 sq. in. 
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diameter at threat = J = = 0*44 

• V 0*7S54 

diameter at end of i ozzle == ~ ^ 

As.suming a cone angle of ^ 2® 


— d 

2r ' 


tan 6^ 


0-15 


where I = length of cone, I =r _ V 0 71 in 
® 2 X 0*10o 


Diagram of Velocities for a Single-whee] Turbine.— IM DB 
(Big. 441) represent the curved term of the blades projecting from the 
rim of the turbine wheeb p- 

and receiving and exhaust- G ^ 
ing the steam at given 
angles with the plane of 
the wheel. Let CA he 
the direction and absolute 
velocity of the enter- 
ing steam, making an 
angle a with the plane of 
the wheel, and Vj the 
peripheral velocity of the 
wheel. 

From A draw AJ) 
parallel to the plane of 
rotation of the wlieol, and 
equal to the velocity of 
the wheel-blade V^., then 
Cl), making an angle /3 
with the plane of the 
wheel, represents the di- 
rection and velocity to 
the rotating wheel-blade. 

Note. — CA may be considered as the path of a shot from a rifle, and 
DA the path of a moving target, then the shot fired from C with 
velocity and direction CA, at a target with velocity and direction DA, 
will have a precisely similar effect to that of a shot fired from C with 
velocity and direction CD when the target is still. Thus the direction 
ami absolute velocity of the shot = CA, but the direction and velocity 
relatively to the moving target = CD. 

Let BF represent the velocity and direction of the steam leaving the 
blade, and making in this instance an angle of exit 0 with the plane of 
the wheel equal to the angle of entrance /?. If the passage between 
the blades is parallel, and there is no fall of pressure, then L>F = Y,,. 
From F draw FG = V^. parallel to the plane of the wheel ; then 13G = 
V,. = the absolute velocity of the steam leaving the wheel, and the 
direction which it makes with the plane of the wheel = 

2 D 



G 

Fig. 141. 

scale of the entering steam relatively to 
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In order that the steam shall flow smoothly on to the vanes of 
the turbine and not , strike them abruptly and. thereby cause loss by 
shock, the design must be so arranged that the tangent to the 
entering surfaces i f the vanes shall bo parallel to the lino of flow of the 
steam. 

Thus CD is tangent to the entering edge D of the vane DB. 

Efficiency. — The kinetic energy given up by the steam is represented 

W/'V 2 — Y 1 . . 

by ~ __ and the efiiciency of the turbine as a machine is pro- 

. v;^ - V,? 

portion al to y-r/ — • 

To obtain a maximum efficiency, it is obvious that the steam should 
leave the turbine at the lowest possible velocity — in other words, that 
Yp shall be a minimum. 

The efficiency may be determined by considering the change of 
momentum parallel to the wheel. The absolute velocity parallel to the 
plane, of the wheel on entering is Y„ cos a ; the absolute velocity 
parallel to the wheel on leaving is Y^.cos</» = V^^cos $ — Y^. 

Turning effort = change of momentum per lb. of steam 

= i(V„co.sa- V,. + V,cos6i) 

V 

work done per second = —J cos a — cos 

. work done 

original kinetic energy 

V^v (V, cos a - Y., + Y., cos 0) 

- - 

_ 2Yt ( Y,, cos a — Yr Y,f COS 6) 

Assuming there is no friction in the vanes Y^^ = Y,, and taking 
inlet angle 6 = outlet angle the expression for the efficiency 
reduces to 


lY^fY^cosa- Y^,) 
Y«^ 


• ( 1 ) 


because Y^ cos 0 = Y^^ cos a — Y,,. 

Fig. 442 shows how the efficiency varies with the blade speed Y^, 
assuming a = 20"^ and velocity of steam Ya = 3200 ft. per sec. 

The efficiency will be a maximum when 

4Yt {Ya cos a ~ Yt) 

is a maximum. 
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To find the maximum efficiency consider Va and cos a to be constant, 
then differentiate and equate to zero. 

cos a — 2 Vt = 0 



Blade Speed F(./Stc 

Fig. 442. 

If a = O ' then V^, = (see p. 389). 

If a = 20°; then cos 20° = 0*94. 

V.r = 0-47V^. 

Substituting the value of Y^, which gives the maximum efficiency in 
equation (1), the 

2 V„ cos a (v„ cos a - 

maxiiumu efficiency = ?. 

2V„=cos=a(l - i) 

maximum efficiency = cos’ a. 

If a = 20°, maximum efficiency = cos‘^20° = (0-94)" = 0*88, or 88 
per cent. 

In Fig. 443, K and L represent two rows of fixed guide blades, and 
M a row of moving blades between them. Line represents the 
absolute velocity of the steam leaving the guide-blades K and im- 
pinging on the blades M of the rotating wheel. Line V,, making an 
angle ^ with the plane of the wheel, is tangent to the entering edge 
of the moving blade, and is parallel to the direction (relatively to the 
wheel) of the steam current entering the blades. 
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The steam now flows between the blades of the moving wheel, 
following the concave surface of the blade, and passes out on its way 
to the next row of guide-blades at an angle of exit B, 



When, however, the velocity of the wheel is considered, the direc- 
tion of the steam entering the next row of guide-blades is that given 
by making an angle <f» with the plane of the wheel. This line 
should be parallel to the tangent to the entering surface of the fixed 
guide-blades. 

Fig. 444 shows how steam at a high velocity, CA, and with a 
turbine speed AD or EP, may be employed to act upon a series of 

A 



successive turbine wheels and guide-blades so as to absorb the 
kinetic energy of the steam by stages, in other words, to compound 
the velocity and deliver the steam finally at a much reduced velocity, 
RS, CD = DE, DF = FG, and so on. It will be noticed that the 
entrance and exit angles of the blade surface are approximately tangent 
to the entrance and exit angles of the steam. 
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Impulse j^uruines. 

The impulse type -of turbine may be subdivided into four classes: 
(a) simple pressure, {h) pressure compounded^ (c) velocity compounded, 
(d) combination of pressure and velocity compounded. 

The simple pressure type is illustrated by the De Laval turbine. In 
this turbine the whole of the velocity due to the total pressure fall of 
the steam is taken on a single wheel. 

The pressure compounded type is illustrated by the Rateau type 
(see the drum portion ot t'ig. 452), In this type the total pressure 
fall of the steam is not taken a single wheel, but proceeds by small 
stages of pressure; thus there is a small fall of pressure in the tirsb 
series of nozzles, and cht; velor ity generji4-cd Inereby is absorbed by 
the wheel immediately following. A further step in pressure fall is 
taken in the next series of nozzles, which again acts on a succeeding 
wdieel, and so on until the total range of pressure fall is utilized. The 
comparatively smaU fall of pressuie at each stage i^eeures a relatively 
small \elocity of the steam, and a correspondingly low peripheral 
velocity of the turbine. 

The vclocitif compounded, type consists of a single complete fall 
(Fig. 444) of pressure in the nozzle with its accompanying velocity 
energy generated, acting successively upon two or more wheels, the 
energy of the steam being absorbed step by step by these succeeding 
rows of blades, without, however, any further fall of pressure. Guide 
bladtis are, of course, placed between each succeeding row of moving 
blades to suitably direct the steam from one wheel to the next. If, 
say, four rows of moving blades are used, the velocity of the wlieel 
may be reduced to about one-fourtli the velocity of the single row type. 

The combination of pressure and velocity compounded is illustrated by 
the Gurbis type of turbine. The pressure fall is divided into several 
stages, and eacli stage is velocity compounded, that is, takes up the 
vehKjity by passing successively through two or more rows of blades 
without fall of pressure. 

The De Laval Steam Turbine. 

This turbine was introduced in its present form by Dr. De Laval 
about 1889, and it is used generally for small powers varying from 
5 H.P. to 400 H.r. Tt consists of a single turbine wheel mounted 
on a Ilexible spindle, the bearings on each side of the wheel being 
some distance apart. The wheel is driven by steam projected on to 
its blades at a velocity of from 3000 to 4000 ft. per second through 
nozzles, the exhaust from the vanes flowing at a much reduced 
velocity into the air or into a condenser, the kinetic energy of the 
steam being converted into kinetic energy of the wheel. 

The revolutions of the turbine wheel vary from 30,000 revs, per 
minute for a small 5-H.P. turbine, with a wheel diameter to centre 
of blades of 4 ins., and a peripheral speed of 515 ft. per second, 
to 10,600 revs, per minute for a 300-H.P. turbine, with a wheel 
diameter of 30 ins. and a peripheral speed of 1378 ft. per second. 
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Owing to the extremely high speed of this turbine spindle, a pinion 
is mounted on its outer end, gearing into a very carefully made, 
maehine qut, double helical wheel giving a reducing speed ratio of 
10 to 1. The driving-pulley which is fixed on the wheel axis thus 
runs at one-tenth the speed of the turbine spindle (see Fig. 446). 

It is found to be impossible to perfectly balance a wheel rotating 
at so high a speed, but the difficulty of excessive \ibration was 
overcome by constructing a flexible turbine spindle with a self- 
aligning bearing, by means of which the wheel is enabled to rotate 
about its own centre of mass. 

There are vibrations with such an arrangement which increase with 
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Ftg. 44r)A. — T)k TjAVAl Wheel and 
Nozzles. 


Fm. 44f)B — Section op De Laval 
Nozzle. 


the number of revolutions of the wheel. At a certain speed called 
the “ critical speed ” the vibrations reach a maximum beyond which 
the shaft takes up a new centr(^ of rotation and the vibrations dis- 
appear, a phenomenon known as the settling'^ of the wheel. In the 
l)e Laval turbine the critical speed is oucvsixth to one-eighth the 
standard number of revolutions of the wheel. ^ 

On account of the very high speed of the shaft its diameter is very 
small, and it is therefore easy to make it Ilexible. The shaft of a 
150 H.P. De Laval turbine is only 1 in. in diameter. A feature of 
this turbine is that the steam is expanded to the full in the nozzle 
before entering the turbine. 

The shape of the nozzle employed is divergent (see Figs. 445a and 
445b) and consists of three parts, namely : (1) The throat at the admis- 
sion end of the nozzle, which is or may be looked upon as the extremity 
of a convergent nozzle preceding it, and where the pressure of the 
steam approaches its critical value ; (2) a divergent part, in which the 
steam expands to its terminal pressure ; (3) a parallel part, in which 
the steam-particles are directed in parallel lines upon the vanes : this 
part is preferably made rectangular and of suitable dimensions to 

* See lecture by Mr. Andersson, issued by Messrs. Greenwood & Batley, Leeds. 


Atop valve; B, steam chest cover; C, steam sieve; 
throttle valve; E, steam cheat; F, turbimt wheel ; 0 shaft for b^t P« 

H, pinion; J, gearinj? wheel; L, flexible shaft; M, belt pulley; 
outlet; O, cover for exhaust chamber; P, ball bearings ; R, exhaust chamber , 
S, tightening l)earings; T, gear case; IT, sight feed lula-icators ; V, dram cock 
for steam chest; X, centrifugal governor; Y, safety bearing; Z, ditto, A, 
isolating plate. 

Fia. 446 .— Section of De Laval Steam Turbine. 
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efficiently direct the steam on to the vanes. The quantity of stoam 



fiG. 147— De Laval Nozzle and Shutttxg-off Valve. 


that 'Will m delivered in the unit of time depends upon the area of 
the smallest transverse section of the nozzle. 



Fig. 448. — Section of the Cuutis 
Tuhbine. 

the wheel by passing the steam 


Steam is admitted to the turbine 
by a number of nozzles set at an 
angle, of 20' with the plane of the 
wheel (see Figs. 445 and 447), and 
t-he steam-supply is regulated by 
completely shutting ofi‘ one or more 
of the nozzles, leaving the others 
wide open instead of throttling all 
tlie nozzles. The larger the machine 
the larger the number of steam 
nozzles supplied. 

The steam pressure in the tur- 
bine wheel-case is at all times 
practically the pressure of the 
exhaust. The elliciency of the 
turbine increases as the steam 
pressure in the turbine - case de- 
creases due to the reduced loss by 
Iluid friction between the rotating 
wheel and the surrounding steam 
at the lower pressure, which is an 
additional reason for working the 
turbine condensing. 

The Cuktis Turbine. 

This turbine is of the “impulse ” 
type, receiving steam of high ve- 
locity from the nozzle, as in the 
case of the De Laval turbine, but 
utilizing it in such a way as to 
.reduce the peripheral velocity of 
through a number of wheels in 
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succession, ^hile obtaining a high ^iberraal efficiency by delivering the 
steam to exhaust at a low terminal velocity. 

This design of: turbine differs from other designs in having a vertical 
spindle with turbine wheels rotating in horizontal planes (Fig. 448). 
In this figure the upper portion is the electric generator, the middle 
portion is the steam turbine, and the lower portion \s the condenser. 
The turbine wheels may be tvc, thiee, lour, or more in number, each 
wheel being separated from its neighbour by a fixed diaphragm with 
accompanying nozzles in each diaphrigm, rnd with rings of stationary 
blades attached to the outer cylinder to alternate suitably with the 
blades of the respective wheels. 

The process then consists first of expansion of the steam ttirough 
nozzles, and then the subs^ quent abstraction of a portion of the 
velocity of the steam by impulse upon the first tuibiiie wlieel. This 
constitutes the first “ stage.” To further utilize the energy of the 
steam, this process is repeated through two, three, or more “ stages ’ 
or expansions; tlius in Fig. 4 49, which shows the nozzles and blades 
for a two-stage turbine, it will be seen that ihe steam flowing from 
tlie first-stage wheel A A passes through the nozzles in the diaphragm 
below it, expands as before, and gives up more of its energy to the 
second-stage wheel F>B below it, and so on until the available energy 
of the steam is utilized. 

Piach wheel of the Curtis turbine is fitted with two, and sometimes 
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Fig. 449 . — Cuiitis Tuijbinl Two-stage Wheels. 


three, rows of buckets. In Fig. 449 two rows of buckets are shown 
on each wheel rim at AA and BB. 

The number of stages or sets of moving and stationary blades 
employed depends upon the degree of expansion, and upon the 
peripheral velocity required. The greater the range of pressure to 
be worked through and the lower the peripheral speed the larger the 
number of stages necessary. 

The governing is effected by closing successive nozzles of the first- 
stage wheel, and thus decreasing the number of nozzles in action. 
P"ig. 449 shows three nozzles closed and two open. 
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The speed ‘of rotation of a 2000-K.W, Cartis turbine is 1000 

revolutions per minute. _ .i,...., 

The footstep bearing, which carries the whole ®f the weight of the 
rotating parts, consists of two circular bearing blocks, one £ which 
rotates with the shaft, and the other is fixed to the base. Water is 
used as a lubricant, and is forced through a hole in the stationary 
nearing between the two surfaces from the centre outwards in a thin 
aim, J^'rorti the footstep bearing the water passes * upwards and 
luhricates a guide-heariDg immediately above it, from whence it 
passes to the condenser. A force pump supplies water to this bearing 
at a pressure of about 400 lbs. per square inch. 


Reaction Turbines. 

A very early form of practical turbine (about 1730) was that known 
as Barker’s Mill (see Fig. 449a). It is a machine which rotates by the 
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reaction of two streams of water projected from noziiles in the arms 
tangentially to the circle of rotation of the arms. 

Fig. 449b is a modification of the same arrangement. 


The Parsons Steam Turbine. 

This form of turbine was introduced by the Hon. Chas. A. Parsons 
in the year 1884, and it consists of a long cylindrical steel drum 
CDE (Fig. 450), the diameter of which increases by steps from the 
high-pressure end to the low-pressure end. The drum is mounted on 
a shaft which runs in two main bearings, and the whole is surrounded 
by a fixed cast-iron cylindrical case. The outer diameter of the drum 
is less than the inner diameter of the case, and in the annular space 
thus provided are the blades by means of which the steam drives tlie 
turbine. 
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The blades on the revolving drum are arranged in rings projecting 



outwards, like bristles, from the surface 
right angles to the shaft. A space is 


of the drum, and in planes at 
provided between each row of 
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revolving blades for an alternating row of fixed blades projecting 
inward radially from the inner side of the cylindrical case, and 
forming rings of guide-blades, each ring of revolving blades being 
provided with its ring of fixed guide-blades. The steam enters the 
annular chamber A at the small end of the turbine by the double- 
beat valve K, and expands through the rings of alternating guide- 
blades and rotating blades, finally exhausting by the chamber B to 
the air or to a condenser. 

The total fall of pressure from the first to the last rinff of blades 
is divided up between the number of pairs of rings, each pair, namely, 
one ring of guide-blades and one ring of rotating blades, constituting 
practically a separate turbine working through a small range of steam 
pressure. 

The steam passes first through a ring of fixed guide-blades, and is 
then projected in a rotational (lirection against the succeeding ring of 
moving blades. In flowing through the guide-blades the pressure falls, 
and the steam acquires a velocity proportional to the fall of pressure. 
By the impulse of the steam suitably guided to the rotating blades 
work is done upon the blades, and the rotation of the turbine is 
accelerated. 

In passing through the moving blades the current of steam is 
diverted (owing to the shape of the blade) in a direction more or 
jess directly opposite to the line of motion of the moving blade, and 
this produces a rpaciion effect upon the wheel in addition to the force 
due to the initial impulse of the steam. The steam, on leaving the 
moving blades, enters the next ring of fixed guide-blades, from which, 
owing to the shape of these blades, it is diverted in a rotational direction 
upon the next ring of moving blades, and so on. The increased area 
of passages required as the pressure falls and the volume of the steam 
increases is obtained by increasing the length of the blades. When 
the length of the blade has reached the desired limit the diameter of 
the turbine is increased, as at J) and E (Fig. 450). 

The reaction effect above referred to is more or less common to all 
types of turbines. The Parsons turbine, however, receives the name 
of a Reaction Turbine as a consequence of the fact that part of its 
kinetic energy is generated in the steam during its passage through the 
loheel, and the reaction effect of this accelerated velocity of the steam 
acts as it leaves the wheel in a direction opposite to that in which the 
wheel is moving. 

Thus, referring to Fig, 450a, suppose the steam to be leaving the 
lower edge of the guide-blades, as at C, with velocity and direction ; 
then if Y, be the velocity and direction of the wheel-blades, is the 
velocity and direction of the steam, relative to the wheel-blades, which 
is entering the wheel passages at A. 

During the flow of steam through the space between the wheel- 
blades A to B, the steam expands owing to the difference of pressure 
on the two sides of the wheel, and increases in velocity from Y,,, its 
velocity, relative to the blades, on entry at A, to some velocity Y,. on 
leaving. The difl'erence Y,. — V* represents the increased velocity 
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acquired by the steam in its passage through the wheel, and the 
reaction effect due to this increased velocity accelerates the speed of 
rotation of the wheel. * 

On leaving the wheel at B, the steam passes to the next row of 
guide-blades ; but its velocity which it had relatively to the wheel, 
will now become in magnitude and direction 01 entering the 
stationary guide - blades, as seen by constructing the diagram of 
velocities. 

A similar acceleration of velocity oi the 'team occurs while passing 
through the guide-blades as occurs while passing through the wheel- 
blades. 

When the angles hf the blades at the entering and leaving edgt^s are 
the same for both guide-blades and wheel-blades, which is usually the 
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Fig. 450a. 



case, the velocities of the steam on entering and leaving the guide- 
blades are equal to the corresponding relative velocities of the steam 
entering or leaving the wheel-blades. 

The diagrams of velocities may be combined, as shown at the left- 
hand end of Fig. 450a. EFG is the triangle of velocities of the steam 
leaving the guide-blades and entering the wheel-blades, and FHG for 
the steam leaving the wheel-blades and entering the guide-blades. 


Reaction and Impulse Turbines. 

The following is a summary of the differences between the two 
types 

T/te Im^uUe Turbine, — 1. In this type the whole of the intended 
fall of pressure of the steam takes place in the nozzle itself before the 
steam reaches the wheel. 

2. There is no difference of pressure in the two sides of the impulse 
wheel. 

The Eeaction Turbine, — 1. Part of the transformation of pressure 
energy to kinetic energy takes place within the wheel itself. 
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2, There is a di/Fereiice of pressure and velocity ot the stem between 
the inlet and outlet ends of tie blades, the pressure falling and the 
velp *ity increasiijg as the steam passes throu^ the spaces between 
the blades. The reaction turbine is so named because of the reaction 
eiiect created by the accelerated velocity generated within the wheel 
itself,^ as distinguished from velocity generated externally to the wheel. 

3. There is a loss duo to leakage of the steam through the clearance 
spaces between the wheel (rotor) and the case (stator), due to the 
difference of pressure on the two sides of the wheel. This difference 
of pressure on the two sides of the wheel not existing in the case of 
the impulse wheel, the loss in the impulse tyT)e through clearance is 
negligible. 


B 



In the previous cases friction of the steam in the passages has been 
neglected. In Fig. 450b, if FF be the theoretical relative velocity of the 

steam leaving the wheel-blades, and BH 
the actual relative velocity, FH being 
the loss due to friction, then the steam 
passes to the next row of blades with a 
velocity and direction equal to BK in- 
stead of BG, HK being equal to FG, the 
velocity of the wheel-blades. 

It will be obvious tht^t the velocity 
of the steam passing forward through 
any transverse section of the turbine 
must be such that BN (Fig. 45()n) drawn parallel to the axis of the 
turbine is not less than the velocity necessary to pass, at that section, 
the weight of steam per second required to generate the estimated 
})Ower of the turbine. 

The cross-sectional area of the exit end of any given row of blades 
is ecjual to the width of opening B (Fig. 450a) multiplied by the 
number of such openings in the periphery of the wheel at that section, 
and by the width of the annular steam space at the section. 

Thus if W = weight of steam per sec. to be passed through the 
turbine to generate the required power, V = cubic feet of steam per 
lb., 8 = velocity of the steam in feet per sec., and A = net cross- 
sectional area of passage in square feet ; then — 


and 


WV = AS 
c. WV 
A 


In lig, 450b bn must not be less than S as given in the above 
equation. 

Example. — A 1000 H.P. turbine using 18 lbs. of steam per hour per 
horse-power has a net annular steam space between the blades of 
50 sq. ins. at a point where the steam passes the cross-section at a 
pressure of 00 lbs, per sq. in. Find the velocity of the steam in the 
direction of the axis of the turbine in order to pass the weight of 
steam required. (Specific volume of steam at 60 lbs. absolute pressure 
= 7 cubic ft. per lb.) 
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Then— 

WV 

S =i ^ ft per sec. 

1000 X 18 X 7 X 144 
= “ 6Vx W x”50- 
= 100*8 ft. pel sec. * 

To maintain this velocity approximately constant throughout the 
whole range of guide- and wheel-blades, there must be an approxi- 
mately constant latio between the volume of the steam at any given 
cross-section at which the pressure is known and the cross-sectional 
area of the passage through which the steam at the given pressure 
passing. 

The blades vary in length according to the size of the turbine, from 
I in. or Jess at the high-pressure end to 6 ins. or more in length at 
the low-pressure end, and are made from rolled sheet brass strips 
having a more or less crescent- shaped cross-section. The longer blades 
are still'ened by shrouding. The blades are fixed in dovetailed grooves 
in the drum, with distance jm^ces between them, the whole being 
caulked in position. 

Clearance. — W hen in position the rings of blades on the case nearly 
touch the surface of the revolving drum, and the projecting blades 
from the drum nearly touch the internal surface of the (;ase. These 
clearaiic(3 spaces are left as small as possible, varying from 0 015 at 
the small end to 0‘02r) at the largo end for small turbines, while for 
large turbines (say 5000 K.W.) the clearance varies from 0*035 at the 
small end to frofn 0*05 to 0*06 at the large end. 

The proportion of steam loss due to radial clearance leakage in- 
creases at low perii)lieral speeds. 

Fine radial clearances arc essential to steam elhciency. They add, 
however, to the dangcu' of friction between the blade and the surface 
of the drum or cylinder, and hence to the stripping of blades, especially 
in cases where the turbine spindle is not sufficiently stiff to prevent 
sagging, or is imperfectly balanced, causing a whipping action of the 
spindle ; or where there is cylinder distortion due to unequal 
expansion. 

At the left end of the sjundle (Fig. 150) are grooved pistons or 
dummies, F, G, H, equal in number to the number of steps in the 
drum. The object of these pistons is to prevent end thrust, due to 
difference of steam pressure on the two sides of the rotating blades, 
by setting up equal and o])posite axial pressures against the faces 
of the dummies. The steam acts upon these end pistons through 
passages cast in the body of the cylinder as shown. 

To make these pistons steam-tight, and at the same time to avoid 
friction, rectangular grooves are turned on the pistons, and in the 
grooves rectangular rings are fitted, but without touching the surface 
of the cylinder, the joint being rendered steam-tight by the centrifugal 
action of the steam in the neighbourhood of the pistons. A similar 
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peeking is fitted at the stuffing boxes where the rhaft projects from 
the turbine cylinder. 

A thrust bearing is provided at the end of the turbine shaft to 
prevent contact between the rotating and stationary parts of the 
turbine, and to provide means of adjusting the clearance between 
these parts. 

Admission of steam to the turbine occurs in a series of gusts by 
the periodic opening and closing of the douhle-bcat valve K (Fig. 451). 
This valve is controlled by means of a steam relay, which is kept 
working continuously by mechanical connection with the turbine 
shaft, giving it an up-and-down pulsating movement at the I’ate of 
about three strokes per second. 

Fig. 451 shows in detail the action of the governing gear and relay 
valve as constructed by Messrs, llrown Boveri.^ On opening the main 



stop valve E, steam enters the valve chamber, and is admitted to the 
turbine when the double-beat valve K opens, which it does inter- 
mittently by the following means. The spindle of the valve projects 
upwards through a spring chamber or cylinder, and the spindle carries 
a small piston which is enclosed in this cylinder, and which is held 
in its lowest position by the spring. In the bottom of the cylinder 
there is a small hole, 0, regulated by a small adjusting valve through 
which the steam flows continuously into the cylinder below the piston 
B when the stop valve E is open. The steam under the piston lifts 
the double-beat valve K and admits steam to the turbine. This 

* See a paper by Will Rung and A. E. Schodor, Ejinimer (American), January 1, 
1903. 
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accounts for the upward movement of the valve, but the intermittent 
upward and downward movement is obtained by providing another 
and larger opening, D, whk.h acts as an exhaust port. This port is 
alternately opened and closed by moans of a sotall piston valve,. G, 
which receives a regular periodic up-and-down movement from the 
eccentric cam C, When the exhaust port is ^ losed, the piston B rises 
and the double-beat valve K lifts; when the exhaust port opens the 
steam escapes , and the piston falls by the action of tlie powerful spring, 
and the valve K clo.sea. 

The number of ai tomato openings and closings of the exhaust port, 
and therefore the number of gusts of steam supplied to the turbine, 
is determined by the lotctions of the governor, from the spindle of 
which the movement of the small valve G is obtained. 

The governor regulates the speed of the turbine as follows ; Wlien 
the speed increases above the normal, the action of the governor raiser^ 
the small valve G above its mid po.sition, giving an earlier and fuller 
opening to exhaust, and therefore a shorter period oj! time of opening 
and a more restricted lift for the double-beat valve. 

Conversely, when the speed falls below the normal, the relay valve 
opens later, and the double boat has a wider opening. At full load the 
steam-gusts merge into an almost continuous flow. 

The steam which escapes from the exhaust port of tlie relay valve 
is pavssed by means of pipes to the main bearing glands of the turbine, 
thereby* acting as a steam packing and preventing leakage of air into 
the turbine. The constant movement of the parts tends to keep the 
governor gear free and sensitive. 

Bearings. — The form of shaft-bearing employed consists of a gun- 
metal busli, which is prevented from turning by a loose-fitting dowei. 
The bush is surrounded by three concentric tubes, fitting easily within 
each other. TJie annular space between the tubes is filled with oil, wliich 
damps all vibrations, and the bearing is practically self-centering. 


The Disc-Deum Turbine. 

With a view to increasing the speeds of rotation for electric 
generators, and thereby reducing weight of plant and cost of construo 
tion per kilowatt, combinations of the previous types of turbines have 
been adopted, consisting of a single impulse wheel of the Curtis type 
for the high-pressure end combined with either a reaction turbine of 
the Parsons pattern, or a series of wheels of the Bateau type, for the 
low-pressure end. 

Some advantages of this combination are : ( 1 ) loss by leakage past 
the short blades, owing to the ratio of blade length to clearance being 
large at that end, is avoided ; (2) the pressure and temperature of the 
steam entering the turbine from the nozzle on a single-impulse wheel 
are less than in the case of the reaction turbine, and there is therefore 
less tendency to distortion of the turbine casing ; this is particularly 

2 E 
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ioaporUtit whete superheated steam is employed ; and (3) the length 
of the turbine shaft is reduced. ^ 

Ip the Wfestinghouse high-pressure impulse turbine, Fig. 452,^ the 
steam is expanded in the nozzles 0 before entering the turbine and the 
velocity produced is absorbed in a two-stage velocity wheel M of the 



Fig. 452. 


Curtis type. Three nozzles are fitted, one nozzle only is used up to 
half load ; two nozzles from half to full load, or when working non- 
condensing ; and three nozzles for overload. 

The steam next passes through a series of nozzle-pierced diaphragms 
and wheels alternately (Rateau’ type). The taper webbed steel 
* Kindly supplied by the British Westingliouse Co. 
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wheels shbwn dark in section are forced on the stepped shaft and fixed 
by keys. 

The diaphragms diA^iding ^Iie wheel chambers are in halves to allow 
of easy inspection of the glands at the shaffc. 

The pressure on the two tides of the wheels is the same, so that there 
is no tendency for steam to leak past the wbee»s. 

There is, however, a difference of pressure on the two sides of the 
diaphragms and a tendency for leakage to take place between the shaft 
and the surface of the hole in the diaphragm through which it passes. • 
Leakage is reduced to a minimum by providing this opening in the 
diaphragm with special glands, which may touch the wheel and wear 
down slightly, thus giving a minimum clearance. 

A labyrinth gland and water gland prevent leakage of steam 
past the shaft at the high-pressure end, and a water gland at the low- 
pressure end. 

The pressure on the two sides of the wheel being the same, no 
balance pistons are required, as there should be no end thrust. 

Lahifrirdh Glands . — The leakage of steam through turbine glands 
where ordinary steam-tight packing cannot be adopted is prevented, 
or reduced to a minimum, by the adoption of 
what is known as Labyrinth Packing. This type 
of packing is represented by Fig. 453, which 
illustrates different forms of its application. The 
rotating rings do not actually touch the surface, 
but the clearance between the surface and the 
rings is made as small as possible so as to reduce 
the leakage to a minimum. The steam seeking to 
escape has first to pass through a long series of 
these clearance spaces, at each one of which it is 
tlirottled or wire-drawn, and this form of gland 
has proved very effective for its purpose. The 
lower figure is a further improvement in this 
form of packing, which is the form adopted in 
the Brusli-Parsons turbine. Its special feature 
is that the steam is wire-drawn at two points 
in each of the grooves in place of one point only, 
as with the usual form of packing. 

Exjiaust Steam Turbines. 

Steam turbines are much more efficieat in the use of low-pressure 
steam than reciprocating engines. The steam can be expanded with 
advantage to a lower pressure in a turbine, as the very large 
volume of the steam at low pressures can be more easily dealt with 
by turbine blades than in the cylinders of reciprocating engines, which 
would require to be inordinately large. The possible work to be 
obtained by expanding 1 lb. of dry steam in a piston engine from 
14*7 lbs. pressure to, say, 9 lbs. pressure and exhausting at 3 lbs. 
pressure, is shown by the area abode on the < — ^ diagram (Fig. 454). 
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The possible work to be obtained per pound of steam in a steam turbine 
by expanding from 14*7 lbs. pressure to J lb. pressure is shown by the 



Fig 451. 


area The extra work to be obtained ]h‘t pound of si( 3 ani by 

exhausting at ^ lb. pressure in the piston engine, is shown by the area 

14 TIbs/sa.tn. 
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^10 lb«/sci in „ , 



. .\0*5lbs/5O 



Fig. 455. 

edf/Zi, and this amount is not worth the extra cost required to obtain it. 
The extra work to be obtained per pound of steam in a turbine by 



increasing the degu’oe of vacuum in a condenser is shown in Fig. 455, 
where the cross-lined area represents the extra work-area added as the 
final pressure is reduced by successive half-pound increments. Fig. 456 
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shov^rs similarly the extra work to be obtained by similar reductions of 
back pressure in the piston engine. 

These areas may be measured to find the numerical value of the 
work done in each case. 

The high efficiency of turbines using low-pressure ^team has led to 
the introduction of a class ot turbine special 1 , designed to utilize the 
exhaust steam frojn non- condensing engines. In many cases the low- 
pressure cylinder of condensing engines has been abandoned and an 
exhaust-steam turbine substituted in its place. 

In ships of moderate speed n uprocatmg engine^ using high-pressure 
steam have been combinetl with low-pfressure or exhau&t turbines. 
The general arrangement is to have three main lines of shafting each 
driving an independent propeller ; the centre shaft being driven by the 
turbine and the two side i^hafts by reciproca ting engines. The economy 
obtained is about 12 per cent, higher than would be the case if recipro- 
cating engines only were used. 

Heat Accnmnl aior , — -Where the supply of ^»xhaust steam from re- 
ciprocating engines is intermittent, as in rolling mill engines, etc., 
the supply of steam to the turbine may be rendered more uniform by 
passing the exhaust steam into a regenerator or heat accumulator on its 
way to the turbine. Tlie heat accumulator is practically a large tank 
containing water into wliich the exhaust steam passes. The tempera- 
ture of the exhaust steam is about 212^ F., and it raises the water 
approximately to this temperature. When there is a deficiency of 
exliaust steam, the heat contained in this large volume of hot water 
in the accumulator supplies additional steam at some pressure below 
that due to its own initial temperature, sufficient in quantity to main- 
tain the speed of the turbine until a fresh supply of exhaust from the 
engine is available. If too much exhaust .steam is supplied at any one 
time for the size of the accumulator, then the surplus is blown into the 
atmosphere through a relief valve. If the supply of exhaust steam is 
insufiicient to inaintaiii the pressure and temperature in the accumu- 
lator, thou a supplementary high-pressure steam supply from the 
boiler is passed through a reducing valve to make up the dotic-iency. 

The use of dummies can be avoided in turbines using high-pressure 
steam by admitting steam at the centre of the turbine and allowing it to 
flow both ways. Such a double (low arrangement has been used, but the 
leakage past the blade tips is nearly doubled, and this form of turbine 
with high-pressure steam is abandoned. Tlxe double flow arrangement 
is, however, userl with much success for exhaust steam turbines. 

Temperature-Entropy Diagram.- -The temperature-entropy diagram, 
Fig. 457, may bo used for determining the work done by the steam, the 
dryness, and the volume of the steam after expansion in the steam turbine. 

The ideal expansion curve in a steam turbine would be adiabatic, 
and would be represented on the / — diagram by a vertical line AB. 
The area ABCD represents the heat converted into kinetic energy 
per pound of steam in an ideal turbine. In an actual turbine the 
velocity acquired by the steam is reduced owing to the friction between 
the steam and the surfaces of the containing channels, and some of 
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the energy is also wasted in eddies« The result is that the kinetic 
energy available for useful work js less than that shown by the area 
ABCD by the amount of the kinetic energy reconverted into heat. 
The effect of this liberated heat is that the actual expansion curve 
follows more nearly a line AE to the right of AB. The dryness of 
the steam after adiabatic expansion would be represented by the ratio 

— ^ ; the actual dryness is which shows that the steam is drier in 
CH tyll 


the latter case. The additional heat carried away by the steam to 
exhaust is shown by the area BEFG. The amount of heat therefore 
converted into work is given by the area DABC — FBEG. 

The Mollier Diagram. — A new form of diagram introduced by Dr. 
Mollier is of great value and convenience in solving heat problems con- 
nected with the steam turbine (see Folding Chart at end of book). 
In this diagram total heat and entropy II — ^ are used as the co-ordi- 




nates instead of temperature and entropy as in the T — diagram. 
Fig. 458 illustrates the general features of the diagram, and the figures 
which follow illustrate its use for practical purposes. Adiabatic 
expansion is represented by vertical lines. There are also drawn 
upon it lines of constant steam quality, as to dryness or superheat, 
as well as lines of constant pressure. The following examples illustrate 
its use in solving problems connected with the expansion of steam. 

Example 1. — Steam having a superheat of 150° F. expands adiaba- 
tically from 160 lbs. to 1| lbs. ; find the dryness of the steam after 
expansion and the heat units lost per pound of steam. 

To find the state point of the steam before expansion trace the 160 
lbs. pressure line until it meets the 150° superheat line at A (Fig. 
459). As the expansion is adiabatic, it will be represented by the 
vertical line AB, The final state of the steam is shown at B where 
the adiabatic expansion line meets the 1^ lbs. pressure line ; the 
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dryness is 0'fi4. The loss of hoftt is represented by the length of the 
line AB. This length ean be scaled off on tho total heat scale ; it 
is 329 B.Th.U. (see* 

Folding Chart for 1 1 
scales). 

Example 2. — 

Steam at 200 lbs. 
pressure and dryness 
0*99 is throttled to 
50 lbs. pressure ; find 
the quality of the 
steam as to dryni.ss 
and superheat. 

The state point of ^5 
the steam before H 
throttling is found w 
by tracing the 200 £ 
lbs. pressure line 5 
until it meets the h 
0*99 quality line at 
C (Fig. 459). Since 
no work is done the 
total heat will be 
the same after throt- 90 ^ 
tling. To find the 

new state of the T4S |•^»4 

steam trace the hori- Entropy, 

zontal constant heat Fia. 450. 

line through C until 

it meets the 50 lbs. constant pressure line at D. Then D will be 
the new state of the steam ; the diagram shows the steam to have 32'^ 
of superheat. 

Example 3. — Find the velocity attained by the steam in Example 1. 
Measure the vertical line AB (Fig. 459) assuming it to be drawn on 
the standard Mollier chart. Then by measuring off this length on the 
velocity scale at the left-hand side of the chart the velocity of the 
steam may be obtained. In this case it is 4065^ feet per second. 

The same result may be obtained from the formula — 

V = ‘224>/B.pJj. 

= 224^329 = 4065. 
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Reaction Turbine. 

General Principles of Blading Design,— The calculations for the 
blades of a Parsons turbines are not difficult from a theoretical point 
of view. The limitations imposed by practical considerations, how- 
ever, cause the actual calculations to be a little more complex. Thqs 
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tiae exact condition of the steam is not accurately known at all points 
of its passage through the turbine, and certain assumptions as to its 
condition are therefore necessary. ** 

When a turbine is required for any purpose, the horse-power, suit- 
able speed of rotation, boiler pressure, superheat, and probable vacuum 
may be considered as known, and the first question to be determined 
is the total weight of steam to be dealt with in the turbine. 

Weight of steam to he dealt with — Condition of the steam, — The 
amount of heat per pound of steam turned into work by a perfect tur- 
bine working between the given range of pressure and expanding adia- 
batically between these pressures, is found most easily by the aid of the 



Mollier diagram, by drawing a line starting from the known pressure 
line, and at a position on that line depending on the quality of the 
steam as to dryness or superheat, and producing it vertically to the 
known final pressure line (see Fig. 460). The actual amount of this 
heat which will be converted into work must be assumed from previous 
experience of similar turbines, and may be taken to be represented by 
the ratio of AC to AB. This efficiency ratio varies in practice from 
55 per cent, to 75 per cent., which shows that in practice the expansion 
of the steam does not follow the adiabatic law. 

Assuming that the loss of efficiency has been due to leakage past the 
tips of the blades, and friction and .eddies of the steam during expan- 
sion then the whole of the initial heat in the steam which has not been 
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(jonv©rt6ci into useful work must be present in th'^ steam at exhaust ; in 
other words AB — AC = BO = the unused heat present in the exhaust. 
The condition of the steam alter expansion may be found by following 
the constant pressure line Bl) through B till it r>eets the total heat 
line CD drawn tnrough C, The point D shows the total heat and 
dryness of the steam after expansion. Ths total heat after expansion 
under practical conditions in the turbine is seen to be greater at the 
final pressure than it would have been if the expansion had been adia- 
batic. The state of the ^team at points be 0 ween A and D inay be con-‘ 
sidered to lie on the Une AD', but may actually lie above or below AD. 
The more accurately the state of the steam is determined between A 
and D as it passes through the turbine, the mo.*e accurately uhe pro- 
portions of the blades and passages may be designed. Knowing tb.o 
work done in heat units per pound cf steam from the diagram, it ^’s a 
simple calculation to determine the pounds of steam rcjquired per hour 
for the given power. The turbine passages are usually designed to 
take a slightly larger quantity of steam than is i'erjuired ff>r full l'>ad. 
The mean blade speeds of a Parsons turbine vary from 80 ft. per 
second in the h.p. section of a marine turbine to 200 ft. per second 
in the l.p. section. In turbines adapted for electrical work the velo- 
cities are higher, varying from 100 to 170 ft. per second in the h.p, 
section to 350 ft. or more in the l.p. section. In marine turbines 
lower rotational speeds are necessary than in stationary practice, be- 
cause the efficiency of the propeller falls off considerably as the speed 
of rotation increases. On this account, namely the limitation of rota- 
tional speed, the weight of marine turbines per unit of power is cor- 
respondingly higher. The weight of turbines varies inversely as the 
square of the revolutions approximately ; hence high speeds are 
advisable where possible. 

General Equations involved in Turbine Design.— The following 
equations show the relations existing between the various factors 
required for use in turbine design. 

Let N = revolutions per minute of rotor ; 

D = mean diameter of blade circle in inches ; 

V-j = velocity of blades in feet per second ; 

A's = velocity of steam in feet per second. 

V 

^ 12x60 

_ 12 X _ 22^Vt 
" ttN ■ 

This equation shows that when the number of revolutions has been 
fixed, the diameter of the turbine depends upon V^,. The larger is 
made the larger the diameter of the turbine, and the shorter the blades 
for a given power. The weight of the turbine rapidly inc»’eases with 
the diameter, so that to save weight is required to be small. 

A small Vf requires, however, a larger number of stages and an in- 
creased length of turbine. The maximum Vy is limited by the stresses 


Then 

or 
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produced by centrifugal force; the minimum is limited by the 
increased cost of a bng turbine. 

The bUde speed fixes the steam velocity Vg. *A high steam velocity* 
with a given peripheral speed gives more work per stage with fewer 
stages and a shorter turbine. 

Y 

The ratio varies, but for turbines driving electrical generators is 


generally taken = 0 * 6 , and for marine turbines the ratio lies between 
0*30 and 0*50 for the first row of guide blades. 

Annulm Factor . — The area for the passage of the steam if the tur- 
bine were free from the obstruction of the blades would be the annular 
area between the rotor and the inside of the casing. Also, if the blades 
permitted of the flow of the steam in a direction parallel to the axis of 
the turbine, the axial velocity of the steam would be the same as the 
steam velocity V. The height h of the blades would then be — 


W X volume of steam 

The axial velocity is, however, only 
V sin where 0 is the inclination of the 
vane at discharge. It is therefore neces- 
401 ' sary to multiply the height h found above 

by a factor called the annulus factor. 

Let = pitch of blades (Fig. 461) ; 

0 = outlet angle of blades ; 
t = thickness of blades ; 
h = width of passage ; 

D = moan diameter of row of blades in feet ; 
h = height of blades in feet ; 
n = number of blades per row ; 

u = total volume of steam passing through the blades per second ; 
V = velocity of steam. 



Then — 


h = p &in 0 — t 
ttD 

W = 


Total area of steam passage 
and 


P 

=.^b.h 


M = 

P 


Substituting for h and transposing 


h = 

7 rDV(p sin (9-0 


The leakage past the tips of the blades has not been considered ; 
this may be taken to balance the obstruction caused by the blade 
thicknesses. 
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Taking ^ = 19° 27' and omitting t, sin ^ ^ 

j-V «JP 

, Zn 

‘ = ,DV • • 

Also y = area through which the steam passes at a velocity V ; and 

ttDA = annular area between the rotor emd casing. Then equation (2). 
shows that the annular area between the rotor and casing is about 
three times the area required for the steam when is about 20^. This 
ratio or annulUs factor varies for different thicknesses of blades and 
different angles. 

A common rule is to make the area of the annulus three times the 
area required for the steam. 

Number of Stages. — The number of stages may be determined h\ 
finding the work done per stage from the velocity diagram, and assum- 
ing the work done is the same in each stage the number of stages N is — ■ 
^ total work 
work per stage 

Experience is again useful in fixing upon a suitable number of 
stages, and the following empirical formula covers average practice ; — 

= constant 

The constant varies from 2,200,000 to 2,600,000 for electrical tur- 
bines, and from 1,400,000 to 1,600,000 for marine turbines. ^ 

The greater the blade velocity Vy number of rows of 

blades. 

The theoretical basis 
of this formula may bo 
shown as follows : — 

Let Fig. 462 repre- 
sent the velocity dia- 
gram for one stage of a 
reaction turbine. 

V is the absolute ve- 
locity of the. steam enter- 
ing the turbine ; is 
the blade velocity. Then 
Y,, is the relative velocity 
of the steam with regard 
to the blade, and is 
the correct angle for 
the blade so that the 
steam may pass to the * pig ^(^ 2 , 

blade without shock. 

The relative velocity of the steam on leaving the blade is V and is 
greater than the relative velocity of the steam on entering, owing 



( 2 ) 



to tbe velocity developed in the moving blades. It is assumed that 
the velocity of the steam leaving a row of blades js not destroyed but 
is available in the succeeding row of blades. 

Considering the kinetic energy of the steam before entering the 
blades and the kinetic energy on leaving the blades, the work done will 
be the difference between them, that is, work done per pound of steam 




Let V = cY-f, where c is a constant. 

Then from pure geometry — 

Y^ = Y,f + Y;^ + 2Y,Y, cos 
and Y^ - Y,^ = Yr^ -f 2VrY, cos 

= YJ + 2Y,,(Y cos 0 - Yt) 

= Y/ + 2V,.(cY.p cos 6 - Yx) 

Work per stage including wheel blade and guide blade 

V' - Y/ _ 2V/(2c cos (9 - 1 ) _ V/(2c cos 6 - 1 ) 

~ -r/ " 0 

By using the last expression for the work done per stage, a formula 
may be deduced showing the relation between Yx and the number of 
stages. 

Let e = 20" 


work per stage 


V 1 

.r = n = 1‘6G6 

V.J 0-6 

= V/ X 0-06624 


Let U = the beat units actually converted into work from the stop 
valve to the condenser. 

N = number of stages. 

Then NY^,' x 0’0C)624 =. U X 778. . 

Assuming an average value for U of 200 B.Th.U. 

,_2(.0x_778 
’’ ~ 0 - 06()24 

N\v = 2,348,000 (1) 

Y . 

The constant varies with the ratio of y- with 6 and with U. 

The formula gives tbe number of stages, assuming a constant velocity 
Y^, throughout the turbine. Yx is not constant except over a short 
length, but by considering any given fall of total heat over the length 
where Y,, is approximately constant, the number of stages in this 
length may be determined. This method is useful as a first 
approximation. 

Example. — Assuming 4 of the work is done in the h p. portion of 
the turbine and using formula (1)— r • 

= 2,348,000 



*=!«>■ 

1-1 ^ 1 X 2,348,000 OA n / Ar\ \ 

^ ^ ^ STTiO' xT40 ^ 

Example of Blading Design, Parsons Type Turbine.— The design 
of a reaction steatn turbine may be illustrated by the following 
example. Suppose a marine turbine is required of 12,000 H.P. 

Dry saturated steam is to be used having an initial pressure of 160 
lbs. per square inch. The condenser pressure is to be 1 lb. A 
number of arbitrary assumptions are made which are based on past 
experience with similar turbin33. Assume the revolutions to bo 
340 per minute and the oerir)berai velocity Yj at the high-pressure* 

y 

end to be 100 ft. per second. Assume y- = 0*4, also an efficiency 

ratio of 65 per cent. Suppose 13*5 lbs. of steam are required per 

hour per horse-power and that 0*5 lb. leak past the dummies per h( ur 
per horse-power, then the amount of steam passing tlr ough the turbine 
is 1 3 lbs. per hour per horse power. 

Heat converted into Work in the Turbine. — The amount of heat 
converted into wu'rk, if the expansion is adiabatic, may be obtained 



Bnt)‘op>b 
Fig. 4C3. 


either from the H — </> diagram or the t — diagram. Using the 
H — diagram (Fig. 463), the vertical line AB drawn from the initial 
pftssure 160 lbs. to the final pressure of 1 Jb. lepresents the heat 
converted into woik when the expansion is adiabatic. From the 
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diagram AB = 322 B.Th.U. Assume an efficiency ratio of "65 per 
t 5 ent. and make AC = 65 per cent, of AB. Draw CD to meet the 
1 lb, pressure Hue through B at D. Then D is the state of the 
steam at the end of the expansion, the numerical vulue of which is 
seen by reference to the scale of the lines of constant quality and 
total heat, A straight line joining A and D will represent approxi- 
mately the state of the steam during expansion. 

Division of the Work between H.P. and L.P. Drums. — For equal 
work in the high-pressure and low-pressure turbine bisect AC in E 
and draw EF horizontally to meet AD in F. Then the pressure and 
dryness of the steam on leaving the high-pressure turbine are shown 
at F. 

A usual arrangement is to have seven expansions in the h.p. 
turbine and five expansions in the l.p. turbine. Allowing equal heat 
drop in each expansion, AE may be divided into seven divisions and 
EC into five divisions. The pressure and dryness of the steam at 
each stage may be determined by drawing horizontal lines to meet 
the assumed expansion line AD. 

Peripheral Dimensions of the H.P. Drum.— The velocity of the 


steam entering the first expansion is Vg = 


100 


T 

0-4 


= 0:4 = 250 ft. per 


second. 

J'he mean diameter of the blades in the first expansion (see p. 425) 
y,, X 229 100 X 229 

340 ” 340 


= 67*35 inches. 


The weight of steam passing through the turbine per second 


12,000 X 13 
60 X 60 


43^ pounds. 


The volume of 1 lb. of steam at 160 lbs. pressure = 2*834 cubic 
feet. 

Therefore total volume entering the first expansion = 43j X 2*834 
= 122*8 cubic feet per second. 

Let Ji = height of blade in feet ; annulus factor = 3 : 

• 3 y 122*8 y 12 

h = ^ in* 

TT X 6 /-JO X 250 


The diameter of the h.p. drum is 67*35 — 1 = 66*35 in. 

The blade height in the last expansion of the h.p. turbine is not 
so easily obtained, as the mean diameter of the blades is unknown 
until the blade height is determined. 

The area of the annulus = ttDA. 

Let W == weight of steam per second ; v = volume of steam in 
cubic feet per pound : Vg = steam velocity ; annulus factor = 3. 

Then area required for annulus — 


^Yv 


Wv 


= y X 3 = y X 3 X 0*4 

V J 

Vy = - 00 “ where N =: revs, per mm. 
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Wv X 60 >• 0-4 X 3 
ttDN' 


43’ X 72 


■ Ti^ X .^40 


X V = 0*9293t7 


If D aud h are in inches D^k =-- 0*9298 x 1728r = 1606r. 

The moan diameter of the blade hjE^ights may also be written . 
D = 66*35 + K where k is'not yet kndwh. 

The volume v at the beginning of the last expansion is 18 cubic 
feet. 

/. D“A= 1606 X 18 = 28,910 
D = 66*35 + 

From these equations D and h may be determined. An easy method 
of doing this is to substitute two or three trial values of D. By 
this method, D = 72*94 ins. and h = 5*59 ins. The blade heights 
for the intermediate groups may be obtained in a similar manner by 
substituting for v the volume at the beginning of each group. The 
blade heights so obtained are given in column 8 of Tablo given below, 

A common method of determining the intermediate blade heights 
is to multiply the preceding blade height by a factor. The common 

/ first blade hemht , in* rni_ 

factor = x/ , i-r“i — r~.-T- where n = number of expansions. Ihe 

V last blade height 

« /5~5^ 

factor in this case with seven expansions = = 1*332. The 

factor T332 is called the common ratio, and the blade heights 
obtained by this method are given in column 7 of the Table. The 
difference in sizes obtained by these two methods is very small, as will 
be seen by comparing columns 7 and 8. The blade heights obtained 
by the common factor will be the sizes adopted. 


High-Pbessuue Turbine. 


No. of 

A lisolufe 

1 I )ryne8fl of 

Volume per lb. 


Height of blades, h. 

expan - 
aiun. 

pressure at 
begiuuiDg. 

j steam at 
j begiiming. 

Dry steam. 

Actual 

volume. 

Mean diameter 
of blades. 

3y 

common 

1 factor. 

By using 
actoiil 
volume. 

1 

160 

1000 

283i 

2-834 

inches. 

67*35 

1*00 

1-00 

2 

116 

0-990 

3-848 

381 

67 68 

1-,S3 

1*33 

3 

83 

0-98 ) 

5*28 . 

5*17 

68*12 

1-77 

1-79 

4 

59 

0-971 

! 7-28 

7*07 

68*71 

2 36 

2-40 

5 

42 

0-962 

10*02 

9 64 

69-50 

3-15 

3*20 

6 

30 

0*954 

13-74 

13-10 

70-55 

4*20 

4*23 

7 

21-2 

0*9i7 

19*00 

18 00 

'71-94 

5-59 

5*59 


The steam velocity at the beginning of the first expansion will be 
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'250 feet per second ; the velocity at the end o£ this expansion will be 
greater than this owing to the increased volume due to expansion. 
The vehicity will be proportional to the volume, ‘as the blades are all 
of the same height and have the same inclination. The volume of 
1 lb. of steam at the end of the first expansion is 3'81 cubic feet ; 
the volume at the beginning is 2*834 cubic feet. The velocity of the 

3*81 

steam at the end of the expansion will therefore be X 250 = 336 


feet per second. The mean peripheral velocity of the blades in the 
second expansion will be slightly greater owing to the increased blade 
heights. The mean diameter is 66*35 + T33 = 67*68 ins. 


67*68 x 340 1 

Vx = - = 100*5 ft per second 


The steam velocity = = 251 ft. per second. 


V,, 

(Note : ratio ^ = 0-4.) 

By similar calculations the steam and blade velocities for the 
remaining expansions are obtained as shown in Fig. 464. 


i 

iZ 




4* 


> 



Number of Stages. — The number of stages required in each ex- 
pansion can be determined by dividing the heat drop per expansion 
by the work done per stage. A velocity diagram may be drawn for 
each stage and the work done may be calculated. Instead of drawing 
a velocity diagram for each stage separately, the arithmetical or the 
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geometrical moan of the initial anJ final velocities of each expansion 
may be taken and will gi"e a sufficiently accurate average result. The 

* 336 I 2^0 

arithmetical mean for the tirst expansion is ' ^ ^ = 293. The 

geometrical mean is V 336 x 250 290. The difference between them 

is small, but the geometrical mean Is slightly more accurate and will 
be used thrcughout. 

Fig. 465 stows the average velocity diagram for the first cxpaasion, 
from which can be determined the rejatire velocity of steam, viz.* 
199 ft. per second. 



The work done per pound per row = xT78 ~ B.Th.U. 

The work done per stage, consisting of one row of guide blades and 
one row of moving blades, is 0*888 X 2 = T776 B.Th.U. The total 
heat transformed into work in the turbine with an efficiency ratio of 
0-65 = 322 X 0*65 = 209 B.Th.Uo 

If the work in the high- and low-pressure turbines is to be equal the 

209 

work done in the h.p. turbine = = 104*5 B.Th.U. The work 


done in each of the seven expansions is = 14*93 B.Th.U. 

Assuming an average blade efficiency of 75 per cent, in the h.p. 
turbine, then the number of stages in the first expansion 


14*93 

~ 1-776 X 0 075 


= 11*2 stages. 


Similarly the numl>er of stages in the remaining expansions may be 
obtained by drawing their average velocity diagram. When the 
number of stages is not a whole number, a slight adjustment must 
be made in the vaiious expansions. The calculated stages, and the 
stages adopted are shown below. 


Ko. of stages. 


Jso. of expansion. 


1 

2 

3 

4 

5 

6 
7 


13y calculation. 


11*2 

10-93 

10-S4 

10*75 

10*52 

10*02 

9*72 


StAges adopted 


11 

11 

11 

11 

10 

10 
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The total stages adopted is thus 7 4 stages, 

tJsiog the kpprh3c.imatG formula — 

NV/ = 1,500,000 for the whole turbine; 

N 

and taking = 100; N = 150; for the h.p. turbine = ^ = 75 
stages. 

Low-Pressure Turbine.-— The mean velocity of the blades at the 
beginning of the low-pressure turbine may be made V 2 times the 
velocity of the blades at the beginning of the h.p. turbine. 


Vt = \Q0a/2 = 140 ft. per second 
140 

Vs =- . = 350 ft. per second 


Diameter = 


= 94*28 ins. 


The volume of the steam entering the low-pressure turbine is 24*7 
cubic feet per pound. 

. 1, • 1.. 1 .... . 3 X 43.\ X 24*7 X 12 

neignt ot blades in first expansion = ~'^’x“9V'"^8">^^ — 

= 0-3176 ft., or 4*46 ins. 


Diameter of low-pressure drum = 94*28 — 4*46 = 89-82 ins. 

The mean diameter of the blades and their height may be obtained 
as before by using the two equations — 


lYh = 1606i; 

D = 89*82 -f h. 


At the beginning of the last expansion r = 172 cubic feet. By sub- 
stituting this value of v in the above equation, and taking one or two 
trial values for D, the height of the blades is found to be 22*07 ins. 
and D = 111*89 ins. 

This blade height is too largo for a drum only 89*82 ins. in 
diameter, as the usual limits of blade heights are from 3 per cent, to 
15 per cent, of the drum diameter. It may, however, be used for 
obtaining the common ratio, and the length of a few intermediate 
groups of blades may be thus determined. 


Common ratio = 


y2^7 

V "4^6 


1*491 


The heights of the blades in the five expansions will thus be 4*46 ; 
6-65; 9*92 ; 14*7 and 22*07 ins. 
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Low-Phessueb Tuiieini-.. 





Volume per pound. 


Height of blades, K. 

No. of 

Absolute 

Drjt ness of 
steam at 
begluniiig. 






ex pan - 
Blon. 

pressure at 
beginning. 

Dry steam. 

Actual 

volume. 

Meau Hame' e’- 
er ■ ladts. 

• 

biy common 
factor. 

By using 
actual 
volume. 





* 

inches. 1 



1 

15 0 

0-9j- 

26-27 

247 

94*28 

4*46 

4*4G 

‘2 

U*() 

0-93 ' 

42-S:» 

39 1 

96*47 

6*65 

6-80 


5-4 

r»-92 

G8-31 

62-9 

99*74 

9*92 

10-15 

4 

3-2 

0-91 

lJl-4 

99*0 

99*74 

[0*91:] 


5 

1-8 

0-90 

191*3 

172*0 

99 74 

[9-92] 



The heights of the lasL two rows of blades are too high for the 
diameter of the rotor and cannot bo used. This diHicuity may bo 
overcome by again increasing the diameter of the drum or by in- 
creasing the discharge angle of the bl?ides. Both methods give in- 
creased area for the passage of the steam with a reduced blade height. 
Increasing the diameter adds to the weight and cost, and increases the 
stress in the material. In this case the last three rows of blades will 
all be made the same height, namely 9’92 ins. The above Table gives 
the mean diameter and height of blades. Assume the outlet angle of 
the fourth expansion to bo 20° insteail of 20°. Keglecting the thick- 
ness of the blades, the annulus factor is ^ = q.^q* Allowing for 
the blade thickness, axial clearance and radial clearance, the factor 
may be assumed to be The steam velocity may be obtained 


from the following formula : — 


y 


8 


irDh 


where C is the annulus factor and u the total volume of steam passing 
through at this point. 

,, 1 X 421 X 99 X 12 X 12 ,,, , , 

' « = 0-48 xT X 9^74 -WiH = 

Similarly, by assuming the last expansion to have an outlet angle of 
42°, the velocity of the steam entering the last expansion may be 

obtained. Sin 42° = 0-72. Ai^sume annulus factor = 


Vs 


1 X 42^ X 172 X 12 X 12 

0-66 x' - X 99-74 X 9-92 = ^^3 feet per second 


The ratio w- is reduced in the last two expansions by this method. 

A high outlet velocity means a considerable waste of kinetic energy, 
and the outlet angles for the last two expansions are so chosen as to 
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make the final velocity of the steam not more than 900 ft. per second. 
In the present case the outlet velocity is 900 ft. per second. 

Kg. 466 shows the steam and blade velocities throughout the low* 
pressure turbine. 



A hsolate Pressur^, Lb/Sq. In 
Fig. 46G. 


The rows of blades in tlie last expansion are called wing blades, and 
the rows of blades in the fourth expansion are called semi-wing blades. 

Number of Stages. — The number of stages in the low-pressure 
turbine may l>e obtained as in the h.p. turbine, by drawing the 
velocity diagrams and finding the geometrical mean of the velocity 
of the steam entering and leaving on expansion. The work done 
per stage can then be calculated and the number of stages obtained 
as before. 

For the first expansion the mean velocity 
is 558 X 350 = 442 ft. per second. 

The relative velocity is obtained from 
the velocity diagram (Fig. 467), and is 
Fig 4G7. 314 ft. per second. 

Work done per row = ~ ^ B.Th.U. 

The work to be done per expansion = — ^ ? = 20 9 B.Th.U. 
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Assuming that the blade efficiency is 80 pei cent., the number of 
stages = = ,-77 sUgts. 

By similar calculations the velocities are obtained and the number 
of stages calculated for erxh expansion* 'Vhese ore given in the 
following table : — 


Low PfiESSU’^E TuilfllNE, 





>io. of binges. 

N(b of 

Avciiige 

Ileoi. (flop per 



expaiisiou. 

vt*‘ jcjt.y. 

stage. 

Ity calculation. 

Adopted, 

1 1 

442 j 

3\S5 

0 77 

7 


452 

4-014 

0 57 


3 

154 

4-208 

0 07 ; 

! 0 

4 

515 

.5-190 

5-0.1 * 

1 

f) 

(;8(> 

(;-710 

3-80 

1 ^ 


Example op Blading Design. Curtis Type Turbine, 

To cletcrinine the blade angles of a two-pressure stage Curtis turbine 
compounded for velocity : Assume the horse-power to bo 2000 ; initial 
pressure of stoam to be 165 lbs. per square inch and superheated 100" F.; 
final pressure 1*5 lbs. per square inch. 

First Stage. — Lot the steam expand to 15 lbs. in the first pressure 
stage. The Mollier diagram may be used for determining the quantity 
of heat converted into kinetic energy and the corresponding dryness of 
the steam after expansion. 

The pressure at the throat of the nozzle is 0-58 x 165 = 957 lbs. 

Select A on the Mollier diagram, Fig. 468, having a pressure of 
165 lbs. and 100 ’F. superheat; total heat 1251 B.Th.U. 

Draw a verti(‘al line AB representing the adiabatic expansion of the 
steam in the nozzle to 15 lbs. There is a slight loss of kinetic energy 
in the nozzle due to f’-iction and eddies, which is returned to the steam 
as heat, so that the actual heat change will be less than AB. Assume 
an efficiency of 92 per cent, for the nozzle and make AC 92 per cent, 
of AB. Draw C D at constant total heat to meet the constant pressure 
line through B. Then D is the condition of the steam at the end of 
the expansion in the nozzle, before entering the moving blades. There 
is practically no energy loss in the conv erging part of the nozzle, so that 
AE will rej)resent the condition of the steam during expansion to the 
throat and ED the approximate condition of the steam during expan- 
sion in the diverging part of the nozzle. The point E is fixed by 
noting that the pressure at the throat = 0*58 of the initial pressure 

= 0*58 X 165 = 95*7 lbs. 



438 


STEAM-ENGINE THEORY AND PRACTICE. 


Velocity of the Steam.— The velocity of the steam at the point D i,. 
obtained Iron! the lormula 

Y=22is/KTni 

From the Molliev diagram the 

B.Th.U, = X AB = X 186 = 171 B.Tb.U, 

V = 224 V 171 = 2930 ft. per second. 



Entropy. 

Fig. 408 . 


The maximum efficiency is obtained, in a single wheel imf)ulse 
turbine, when the velocity of the wheel is nearly 0*5 the steam 
velocity. The velocity adopted in practice is much lower than this. 
Assuming a ratio of 0*35, the velocity of the wheel would be 
2930 X 0*35 = 1026 ft. per second. By using two sets of moving 
blades the velocity is taken out of the steam in two steps, and the 
blade velocity may then be 1026 x ^ = 513 feet per second. By using 
three sets of moving blades the peripheral velocity may be still further 
reduced ; and so on. 

Assume a blade speed of 500 ft. per second and that the nozzles 
are inclined to the plane of the wheel at an angle of 20°. Draw the 
velocity diagram (Fig. 469). 

AB = 2930 ft. per second ; BC = 500 ft. per second ; AC = rela- 
tive velocity of steam = 2460 ft. .per second by measurement. The 
loss of velocity in the moving blades varies considerably, but taking 
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tihe loss at 10^ cent., CD = ^ x AC = 22U ft. per second. 
Make DE = 600 ft per sectnd j then EC is the absolute velocity of 
the steam leaving the moving blades ; EC =» 1770 ft. per second by 
measurement. ^ •' 

Similarly, assuming a loss of 10 per cent, of velocity in the stationary 
blades, and remaining moving biades, the remaining velocity triangles 



Fig. 469. 


are drawn. The final absolute velocity of the steam leaving the wheel 
is FG = 785 ft. per second. For accurate results the velocity loss 
should be carefully obtained from actual experiments. 

Efficiency. — The loss of kinetic energy by friction and eddies re- 
appears as heat in the steam. The loss of energy in the first row of 
moving blades, or the heat increase 


_ (2460)“ - (221^“ _ 
- ”2 xgx 778 


B.Th.U. 


Energy loss or heat increase in guide blades 
(1770)“ - (1593)' 

~ 2 X g X 778 


11-8 B.Th.U. 
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Energy loss or heat increase in second row of moving blades 
_ (1185)* - (1066f 

778 ■ = ^ ^ 

Loss by energy left in s^eam as final velocity 

= 2#x 778 -12‘'S-T»'^- 

Total loss of energy to steam = 22*9 -f 11*8 + 5*3 + 12*3. 

= 52*3 B.Th.U. 

heat converted into work = 171 - 52*3 = 118-7 B.Th.U. 


The heat available fOr conversion into work if adiabatic expansion 
had taken place =186 B.Th.U. 

Therefore efficiency of the stage (nozzles and vanes) 

= "Jgg" X 100 = 63-8 per cent. 

The angles of the vanes may be obtained from the velocity diagram 
by measurement, and are as shown in Fig. 469. 


A 



Second Stage.— The total hea,t available in the steam entering the 
second stage is 1251 - 171 + 52-3 = 1132-3 B.Tb.F. The pressure 
13 15 lbs., and from the Mollier chart the dryness is 0-981. 
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The velocity diagram for the Eecond stage may he drawn in a similar 
manner and the angles of the vanes obtained. 

On the Mollier cha’rt (Fig 468) produce BD to F, where F represents 
the total heat and given dryness. FO represents adiabatic expansion 
in the second set of noxzles to 1'5 lbs. Assuming the noxzle 
efficiency as 92 per cent. ; FH =• 0 92 >; FG. Draw HM at constant 
total heat to meet the constant pressure line through G. Then FKM 
represents approximately the state of the steam during expansion in 
the nozzles. The point K is obtained in a similar manner to tlie point 
E by assuming no loss in the converging pare of the nozzle. 

By measuring the Mollier* chart FG ^ 147 B.Th.U. ; . FH 135 
B.Th.U 

V = 224 V 135 = 2600 ft. per second. 

Draw the velocity diagram as before (Pig. 470). The velocities are 
as follows : AB = 2600 ; BC 500 ; AC = 2135 ; CD = 19*J2 • 
CE = 1490 ; EG = 1341 ; EF = 960 ; FH = 864 : FK = 665 ! 
HK = 500. 

Efficiency. — The heat increase due to loss of energy in the first row 
of blades 

_ (2135)"~(J922)^ 

2(f X 778“ 

= 17-3 B.Th.U, 


Similarly heat increase in guide blades 
_ (1490)2 ~ (1341)-’ 
~'2(/x 778 ' ■" 


8-4 B.Th.U. 


Similarly heat increase in last row of moving blades 
(960)2 - (864)2 


3 4 B.Th.U. 


2(j X 778 

Loss by energy left in steam as final velocity 

= 8-8 B.Th.U. 


(665)2 


^ 2g X 778 

The heat increase due to eddies and friction in the second stage 
= 17-3 + 8*4 + 3-4 4- 8*8 = 37-9 B.Th.U 
Heat converted into work in second stage 

= 135 - 37*9 = 97 1 B.Th.U. 

The heat available for conversion into work in second stage if 
adiabatic expansion had taken place = 147 B.Th.U, 

Therefore efficiency of the second stage (nozzle and vanes) 

971 

= tt- X 100 = 66 per cent. 

14/ ^ 

The heat available for conversion into work if the expansion had 
been adiabatic is 1251 — 931 = 320 B.Th.U. 
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The combined efficiency 


118*7 + 97*1 


X 100 


320 

= 67*4 per cent. 

Velocity Diagrram. Second Method.— Fig. 471 shows another 
method of drawing the velocity diagram for the first stage. 


A 



AB is the nozzle velocity ; AC the relative velocity ; CD the velocity 
leaving the first row of moving blades. 

The total change of velocity parallel to the wheel in the first row of 
blades is GH = 4275 ft. per second. 

The total change of velocity parallel to the wheel in the second 
row is .IK = 1670 ft. per second. 

The total change of velocity effected in this stage is 5945 ft. per 
second. 

The work done per pound of steam is the change of momentum 
multiplied by the velocity of the wheel, or 


5945 500 

-T 778 


118*7 B.Th.U. 


The energy available = 186. 

Therefore efficiency of wheel and nozzle 

118*7 

= X 100 = 63*8 per cent. 


which is the same result as previously obtained. 

This method may be similarly used for the second stage. 

Condensation in the Turbine. — During the passage of the steam 
through the turbine the temperature of the steam falls from the high- 
pressure to the low-pressure end of the turbine, and so long as the load 
is constant this range of temperature is constant. The walls of the 
stator and rotor portions of the turbine take up more or less the 
temperature of the steam in immediate contact with them, and con- 
densation due to flow of heat from the steam to the surrounding walls 
is reduced to a minimum. Hence that most serious cause of loss in 
the reciprocating engine, namely, condensation due to alternate heat- 
ing and cooling of the cylinder walls during the admission and exhaust 
strokes, is absent in the steam turbine. 
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There is a tendency to flow of heat by conduction from the hotter 
end of the turbine to the cooler end, tending to produce a small 
condensation effect atf the hot end, and a drying effect at the exhaust 
end of the turbine. 

Friction, — ^The friction in the steam turbine is not that of rubbing 
metal surfaces, as in the reciprocatixig er gins, *'he only rubbing surfaces 
beings the main bearings. In the turbine the friction is rather that 
between the rotating parts and the steam, the friction due to conflicting 
steam currents in their passage through the turbine, and the friction^ 



Turbine Steam-consumption Curves. 
Fio. 472. 


caused by the presence of water in the steam, which, when the prq^r- 
tion of water is Jarge, may become very great. 

The presence of water in the steam from an ordinary steam-boiler 
is unavoidable, and the steam delivered (not passing through a super- 
heater) will contain at least from 2 to 5 per cent, of moisture. But 
in addition to its initial wetness, the stmm will develop a degree 
of wetness due to the heat absorbed in giving velocity to its mass, the 
extent of the wetness being exactly the same as would result from 
work done during adiabatic expansion of the steam behind a piston in 
a reciprocating engine. 

Superheating the steam produces a marked improvement in the 
steam turbine, the steam-consumption being reduced about 1 per 
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cent, for every 10® Fahr. of superheat, and the increased efficiency is 
attributed chiefly to reduced loss by friction. 

On the other hand, if the turbine is supplied with excessively wet 
steam, as from a priming boiler, the effect upon the turbine is to slow 
it down, owing to the excessive friction set up between the water and 
the rotating parts. 

It is true that the friction is transfoimed into heat, but little useful 
effect is obtained from the heat so generated. 

Vacuum. — There is a theoretical advantage in all heat engines in 
reducing the lower limit of temperature to the lowest possible point, 
but the advantage is inoie fully realized in the turbine than in the 
reciprocating engine. In the reciprocating engine there is, first, the 
practical difficulty that the gain obtained by reducing the condenser 
pressure and temperature is to some extent neutralized by the 
increased cylinder condensation, due to the reduced temperature of the 
exhaust ; secondly, owing to the greatly increased volume of the steam 
at the lower pressure, it is not practicable to make the low-pressure 
cylinder large enough to take full advantage of tlie expanding steam ; 
and, thirdly, there is generally a considerable difference between the 
vacuum in the condenser and the mean vacuum at the back of the low- 
pressure piston, especially at full power. 

In the case of the turbine, condensation effects 6f the kind above 
mentioned are absent, and the steam may be expanded down to the 
I)ressure in the condenser ; it is therefore possible to take full advan- 
lage of the lowest limits of temperature and pressure in the condenser. 
Each additional inch of vacuum between 23 ins. and 28 ins. appears 
to reduce the steam consumption of the turbine on an average from 
3 to 4 per cent. 

It is possible to avoid air leaks to the condenser more easily in the 
turbine than in the reciprocating engine, because the only glands to 
leak air are those where the main shaft passes out through the turbine- 
case, and these glands are steam-packed, which is a very effectual 
means of excluding air. 

In order to secure and maintain a high degree of vacuum, it is, of 
course, necessary to have ample condenser cooling surface, a large 
supply of circulating water, and efficient air-pumps, as well as short 
passages and ample dimensions of the exhaust pipe. In the most 
recent condensers for turbines, from 10 to 12 lbs. of steam are con- 
densed per hour per square foot of cooling surface, with a vacuum of 
27^ to 28 ins. at full load. 

The amount of circulating water required is about fifty times the 
weight of steam, as against thirty times the weight of steam for ordinary 
condenser practice. For this additional cooling water an addition of 
^ in. to 1 in. of vacuum is obtained, or a gain of from 3 to 4 per cent. 

For the purpose of more thoroughly extracting the air, a “vacuum 
augmenter” (Fig. 473) has recently been introduced by Messrs. 
Parsons. From the bottom of the condenser a pipe is led away to 
an auxiliary condenser, containing about 2 ^ the cooling surface of the 
main condenser, and in a contracted portion of this pipe a small 



THE STEAM TURBINE. 445 

steam jet is placed, which acts ag an ejector, and extracts nearly all 
the residual air and v^ipour from the condenser and delivers it to the 
air-pumps. A water seal is provided, which prevents the air and 
vapour returning to the condenser. The steam used by the auxiliary 
jet is said to be about li pei cent, of the full-load steam consumption^ 
The air and vapour in the augmmiter 'Oiiderser being denser than 
that in the main condenser, the air-pump need not be so large as would 
otherwise be necessary. In this connection^ it may be noted that tho 



i'lG. i/a 

volume of a given weight of air at 1 lb. pressure absolute is double that 
at 2 lbs. pressure absolute. 

Recent Development in Surface Condenser Practice. — As soon as 
it was fully realized how important was the influence of improved 
vacuum in ^team turbine practice, much more attention was given to 
the study of the design of condensers, with a view to improving their 
efficiency. 

If the steam exhausting into a surface condenser consiste^d of pure 
steam only, there would be no need of an air pump, but in practice 
more or less air is always present in the exhaust steam, partly due to 
air dissolved in the feed water, and partly to leakage of. air into thht 
part of the plant which is below atmospheric pressure. 

The weight of air passing into the condenser with the steam is 
more or less constant under constant conditions, but in surface con- 
densers the ratio of air to steam in the condenser during the process 
of condensation varies greatly between the point of entry to the con- 
denser and the point of leaving it to enter the air-pump barrel. 

^ See a paper by Hod. C. A. Parsons, G. Stoney, and C. P. Martin, Inst, of Elect. 
Engineers, May 12, 1904. 
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Ai the exhaust steam inlet the ratio of air to steam is very small, 
but this ratio increases rapidly as the steam condenses, until finally the 
pr portion of air by weight is considerable. 

FUrtial Pressures. — The pressure in the condenser indicated by the 
vacuum gauge is made up of the sum of the “ partial ” pressures of 
the air and the vapour present in the condenser. The “partial” 
pressure of the air, and the “ partial ” pressure of the vapour depend 
upon quite independent laws, and are determined from the known 
data, always remembering that “ the pressure of the mixtuie of a gas 
and a vapour is equal to the sum of the pressures which each would 
possess if it occupied the same space alone.” 

The pressure due to water vapour in an enclosed space at a given 
temperature is obtained by reference to the Steam Tables. 

Tne pressure is expressed in inches of mercury. 

Note : 1 inch of mercury = 0*491 lb. per square inch pressure. 

The relation of pressure, volume and temperature of air is expressed 
(see p. 8) by the formula 

rv = RT 


v/here P = pressure per square foot ; V = volume per lb. of air in 
cubic feet ; T = absolute temperature Fahrenheit ; and R = a constant 


= 53*2 


^ RT 
or P = ^ 


Example 1. — We have in the lower portion of a condenser a mixture 
of air and steam at a temperature of 105° F. and a pressure of 
26 inches by the vacuum gauge, or 4 inches of mercury : find the 
“ partial ” pressures of the air and steam present in the condenser. 

From the Steam Tables (Table IV.) the pressure of saturated steam 
at 105° F. is T098 lbs. per square inch absolute, and this is the partial 
pressure due to the steam. But the total pressure of steam and air 
is 4 inches of mercury, that is 4 x 0*491 = 1*964 lbs. pressure jier 
square inch absolute, therefore the partial pressure of the air = 1*964 
— 1*098 = 0*866 lb. per square inch. The partial pressure of the 
steam is therefore T098 lbs. per square inch, and the partial pressure 
of the air is 0*866 lb. per square inch. 

Example 2. — To find from the data given in Example 1 the volume 
in cubic feet per lb. of air present in the condenser when the pressure 
of the air is 0*866 lb. per s(juare inch, and its temperature is 10*5° F. 


PV = 53*2 T 


53*2 X (461 4- 105) 
0*866 X 144 


= 240 cubic feet per lb. 

Improvements. — Among the various improvements that have taken 
place in the design of condensers are the following ; — 

(1) Arrangements for the easiest possible direct passage of the 
exhaust steam to the condenser tul^e surface. 

(2) The shaping of the condenser so as to present a gradually 
reducing sectional area from the exhaust inlet to the air-pump suction. 
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(3) The provisiott of tubeless spaces at points in tbo path oi Sow, 
where a change or reversal of directi^ of flow occurs. 

(4) The provision df a cooling chamber in the base of the condenser 
to regulate the temperature of the gases passing to the air pump. 



The efficiency of the air puaip increases as the density of the gases 
admitted to it increases, and this density depends upon the cooling 
efficiency of the condenser. It is also important that the water of 
condensation supplied to the air pump should be reduced to a tem- 
perature below that of its boiling-point under the conditions of the 
Tacuum attained in the air-pump bairel, otherwise on the vacuum 
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stroke of the air-pump piston the water would boil and the barrel be 
filled with vapour, when the pump would cease to act any longer as an 
air pump. * 

It must be further remembered that the efficiency of the plant as a 
whole requires that the heat in the condensed steam should be con- 
served in every possible way in order to return it as boiler feed at the 
highest possible temperature. 

In order to deal with the opposing principles of a hot boiler feed 
on the one hand, and a high air-pump efficiency on the other, separate 
air pumps are sometimes fitted, one dealing with the air and vapour 
at a low temperature, called the ‘'dry-air pump,” and the other deal- 
ing with the water at a higher temperature called the “ wet-air pump,” 



To the dry -air pump a cold injection is fippliod, thereby increasing the 
density of the air and enabling the pump to withdraw a greater weight 
of air per stroke, or permitting a reduction of air pump dimensions. 

Fig. 474 illustrates a dual air pump made by Messrs. G. & J. Weir, 
Ltd. A is the wet pump and B the dry pump. A single connection 
V> is made to the condenser. A branch pipe D is led to the suction 
side of the dry pump, connection being made in such a manner that 
the water from the condenser to the suction will all pass direct to the 
wet pump by C^. It will be seen that there is a separate suction to 
each pump, and that the dry pump discharges through the pipe E 
against the spring-loaded valve F into the wet pump at a point below 
its head or discharge valves. The dry pump is supplied with water 
for water sealing, cooling, and vapour condensing. This water passes 
fi'om the hot well of the dry pump by the pipe H to a special cooler 
through which a supply of cold water continuously circulates. 

Fig. 475 represents a section of the “ Contraflo ” condenser. This 
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condenser is fitted with a two-way cock and pipe at its base, by means 
of which the water of condensation can be passetl direct to the air 
pump, or, where it iS too hot to be elfectively dealt with by the air 
pump, it can be by-passed through a cooler or water-pocket at the 
bottom of the condenser and after wa?ds admitted to the air pump. 

Jet Condensers. — In the case of a jet condenser plant the work of 
the air pump is greatly increased ove'* that of the air pump of the sur- 
face condeuser, which has <,o deal only wito the condensed steam and ' 
the air present chiefly dae to lefikage. 

The air pump of the jet con iOnser has to handle, in addition to this, 
the whole body of condensing v^ater together with the .dr liberated 
from that water. 

In jet condensers the iniaimum condenser pressure is obtained, under 
conditions which limit the supply of condensing water. The linuting 
point being when ^iirther increase in weight of condensing water, 
though reducing the pressure due to the steam, increases by a more 
than corresponding amount the pressure due to excess air brought in 
with the condensing water. 

Vibration in the turbine is practically eliminated, as there are no 
unbalanced parts. This removes the necessity for massive and costly 
foundations. 

The even turning moment on the spindle is a further important 
quality of the turbine. 

Lubrication. — As there are no internal rubbing parts, no internal 
lubrication is required, hence the steam exhaus.ted from the turbine to 
the condenser is entirely free from oil, and the feed water supplied to 
the boilers is pure distilled water. 

Horse-power of Turbines. — It is not possible to directly measure 
the indicated horse-power of the turbine, but the brake horse-power 
or the electrical horse-power of a turbo-electric sot may be measured 
directly. Correcting the electrical horse-power for the efficiency of 
the dynamo, we then have the brake horse-power of the turbine alone. 

In reciprocating engines, the mean i*atio of I.H.P. to B.H.P. is 
taken as 1 : 0'86. If, then, for the purpose of comparison, the B.H.P. 
of the turbine be divided by ()'86, we obtain what is called the 
“ hypothetical equivalent indicated horse-power ” of the turbine. 
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APPENDIX 

I. 

RIPPER’S MEAN-TBESSHRE INDICATOR^ 

The object of the mean-presR’ire indicator here described (Fig. 476), is to 
obtain from pvessure-gaugei: a continuous reading oi the mean effective pressure 
in an engine cylinder. 

The instrument consists of a valve-box containing two valves, and by the 
automatic action of the valves, the driving or impelling steam ip made to 
act continuously on one gauge, called the forward- pressure gauge; while the 
back-pressure steam acta continuously upon another gauge, called the back- 
pressure gauge. The difference between the readings of the tw’o gauges gives, 
for ordinary cases, a close approximation to the effective pressure acting on the 
piston as given by an ordinary indicator. 

The action of the valves is as follows : — One of the valves, B, is a ball valve, 
and the other, E, is a double-seated valve. Suppose, in a vertical engine, the 
driving-steam is on the upper side of the engine piston, pressing it downwards. 
Then the driving-steam enters also the upper part of the instrument at H, and 
presses down both the little valves upon their respective seats. This action 
puts the driving-steam into communication with the forward-pressure gauge ; 
and puts the back-pressure steam, which is below the valves, into communication 
with the back -pressure gauge, owing to the double-beat valve E being now open 
at the bottom side of the valve. 

On the return stroke of the piston, the driving-steam enters the instrument at 
C, and the valves B and E of the instrument are automatically reversed, and 
again the driving-pressure steam acts upon the forward-pressure gauge, and the 
back-pressure steam upon the back-pressure gauge. In this way there is a 
continuous reading of the forward and back pressures on the respective gauges. 

There is a cock, A (and D), at the instrument end of the gauge-syphon for 
rough adjustment, and a cock F (and G) close to the gauge for fine adjustment. 
By the use of two cocks, the gauge-finger is maintained steady, and the gauge- 
pipe is kept full Oi water. 

The mean-j)rc98uro obtained from the gauges is the mean-pressure on a time 
base. This differs somewhat from the mean-pressure on a distance-base, os given 
by the ordinary indicator, because the motion of the piston is harmonic, and not 
uniform throughout the stroke. 

In many cases the difference between the two kinds of mean -pressures is very 
small. In some cases, however, where there is a large expansion in one 
cylinder, the difference is greater ; also in the case where the back pressure at 
compression is greater than the forward pressure ; the valves of the instrument 
reverse too early. But for all cases, in any given engine, there is a definite ratio 
between the reading of the gauges and the mean-pressure by an ordinary 
indicator which can be determined once for all by actual trial, or by measurement 
from the diagrams ; and in practice the gauges are in the first instance 
standardizsed against a good standard indicator of the ordinary type, at light 
medium and heavy loads, and the gauges graduated accordingly. 





APPENDIX, 


453 


II. 

SATURATED STEA.M TABLES. 


gjo 

03 

S - 

it 

Temperature of 
boiiing-point, 
degnes F. 

Heat of the liquid 
from 32® F. 

1. 

2 ^ 

.d 

o 

H 

1 

5 

Heat to overcome 
internal resistance. 

Heat to overcome 
external resistance. 


Weight of a cub. ft. 
in pounds. 

'll 

c 

0 

% 

21 

<2 

p 

t 

h 

H 

h 

f' 

E 

T = H - E 

V) 

V 

10 

102 0 

70-0 

1113*1 

1043 0 

981-1 

61-9 

1051-2 

0-00299 

334-0 

20 

126*3 

94-4 

1120 5 

1026 1 

961-9 

64*2 

1056-3 

0-00576 

173*6 

30 

Hl-6 

109-S 

1125-1 

1015*3 

949-5 

65-8 

1059-3 

000844 

118-4 

40 

153 1 

121 4 

11280 

1007-2 

040 4 

66-8 

1061-8 

0-01107 

9031 

50 

162-3 

130-7 

1131 5 

1000 8 

933*1 

677 

1063 8 

0-01366 

73-22 

6*0 

170-1 

138-6 

1133-8 

995-2 

926-7 

68-5 

1065-3 

0-01622 

61-67 

70 

176-9 

145 4 

1135-9 

9905 

921-4 

69 1 

1066 8 

0-01874 

53-37 

80 

182 9 

151-5 

1 137-7 ■ 

986 2 

9J6 5 

69-7 

J 068-0 

0 02112 

47-07 

90 

188-3 

156-9 

J 139-4 

982-5 

912-4 

70*1 

1069-3 

0-02374 

42-13 

10 0 

193-2 

161-9 

1 140-9 

979*0 

908-4 

70 6 

]070-.-< 

0-02621 

38-16 

110 

197-8 

166-5 

1142*3 

975-8 

904-8 

71-0 

1071 3 

0-02860 

31-88 

120 

202-0 

170-7 

1143-6 

972-9 

901 5 

71-4 

1072-2 

0 03111 

32-14 

130 

205 9 

174-6 

1144-7 

970 1 

898-4 

71-7 

1073-0 

0-03355 

i 29-82 

HO 

2f)9 6 

178-3 

1145*8 

967-5 

895-5 

72 0 

1073-8 

0-03600 

1 27-79 

147 

2120 

180 7 

1146 6 

9(;5-8 

893-5 

72-3 

1074-2 

003758 

26-64 

150 

213 0 

181-8 

1146-9 

965-1 

892-6 

72-5 

1074-4 

0-03826 

26-15 

160 

216-3 

185-1 

1147-9 

i 962-8 

890-0 

72 8 

1075-1 

0-04067 

24-59 

170 

21 ‘>--1 

188-3 

1148 9 

960 6 

887 <; 

730 

1075-9 

0 04307 

23-22 

180 

222 4 

191-3 

1149-8 

958-5 

885 3 

732 

1076-6 

0-04547 

22-00 

190 

225 2 

194-1 

1150 7 

956-6 

883*2 

73-4 

1077-3 

0*04786 

20-90 

200 

227-9 

196-9 

1151-5 

954 6 

88 10 

73-6 

1077-9 

0-05023 

19 91 

210 

230-5 

199-5 

1152-3 

952-8 

879-0 

73-8 

1078-5 

0-05259 

19-01 

220 

233-1 

202-0 

1153-0 

951 0 

877-0 

74-0 

1079-0 

0-05495 

18-20 

230 

2355 

204-5 

1153-7 

9492 

8750 

74 2 

1079-5 

0-05731 

17-45 

240 

237-8 

206-8 

1154-4 

947-6 

873-2 

74-4 

10800 

0-05966 

16 76 

250 

240-0 

209-1 

1155-1 

946 0 

871-5 

74*5 

1080-6 

0-06199 

16 13 

260 

242 2 

211-2 

1155-8 

944-6 

869-9 

747 

1081-1 

0-06432 

15-55 

270 

244-3 

213-4 

115G-5 

943-1 

868-2 

i 74, 9 

i 

1081-6 

0-06666 

15-00 


* The above steam data aie for the most part tnkon from Prof. Peabody’s 
valuable “ Saturated Steam Tables/’ by kind permission of the author and pub- 
lishers (Messrs. John Witey and Sons, New York), and the same values are used 
throughout the text. 



454 


appendix. 


■'// 

Si 

ll 
^ 1. 

I X- 
' lls 

Pi 

S'® 

Heat of the 
from 32° 

(i. 

h 

1 

S 

•A 

c 

1 

///' 

ll 

SC a 

se 

ss 

u 

Thermal «nitg 
actually contain^ , 

the steam above 

(1 

1 n 

*<s 

(1 

o 

JP 

t 

h 

H 

L 

P 

E 

J = H - E 

w 

V 

280 

246*4 

215*4 

1157*1 

941*7 

866*7 

75*0 

1082*1 

0*06899 

14*49 

290 

2483 

217*4 

1157*7 

9403 

865*1 

75*2 

1082*5 

0*07130 

1403 

30^ 

250*3 

219*4 

1158*3 

938*9 

863*6 

753 

1083*0 

0*07360 

13-59 

31 0 

252*1 

‘221*3 

1158*8 

9375 

862*0 

755 

1083*3 

0-07590 

13*18 

820 

254*0 

223*1 

1159*4 

9363 

860*7 

75*6 

1083*8 

0*07821 

12*78 

830 

255*8 

224*9 

1159*9 

935*0 

859*2 

75*8 

1084*1 

0*08051 

12*41 

840 

257*5 

226*7 

1160*4 

933*7 

857*8 

75*9 

1084*5 

0*08280 

12*07 

350 

259*2 

228*4 

1161*0 

932*6 

856*0 

76*0 

1085*0 

0*08508 

11*75 

40'0 

267*1 

‘236*4 

1163*4 

927*0 

850*3 

76*7 

1086*7 

0*09644 

10*37 

45-0 

274*8, 

213*6 

1165*6 

922*0 

844*8 

77*2 

1088*4 

0*1077 

9*287 

50-0 

280-8 

250*2 

1167*6 

917*4 

839*7 

77*7 

1089*9 

0*1188 

8-414 

ss-o 

286*9 

256*3 

1169*4 

913*1 

834*9 

78*2 

1091*2 

0*1299 

7*696 

60*0 

292*5 

261*9 

1171*2 

909*3 

830*7 

78*6 

1092*6 

0*1409 

7*096 

650 

297-8 

267*2 

1172*7 

905*5 

826*5 

79*0 

1093*7 

0*1519 

6*683 

700 

302*7 

272*2 

1174*3 

902*1 

822*7 

79*4 

1094*9 

0*1628 

6*144 

750 

307*4 

276*9 

1175*7 

898*8 

819*1 

79*7 

1096*0 

0*1736 

6*762 

80 0 ' 

311*8 

281*4 

1177*0 

895*6 

815*5 

80 1 

1096*9 

0 1843 

5*425 

85*0 

316*0 

285*8 

1178*3 

892*6 

812*1 

80*4 

1097*9 

0*1951 

5*125 

90*0 • 

320 0 

290*0 

1179*6 

889*6 

808*9 

80*7 

1098 9 

0*2058 

4*858 

95*0 

823*9 

294*0 

1180*7 

886*7 

805*8 

80*9 

1099*8 

0*2165 

4*619 

100*0 

327*6 

297*9 

1181*9 

884*0 

802*8 

81*2 

1100*7 

0*2271 

4*403 

105*0 

831*1 

301*6 

1182*9 

881*3 

799*9 

81*4 

1101*5 

0*2378 

4*206 

1100 

334*6 

305*2 

1184*0 

878*8 

797 1 

81*7 

1102*3 

0 2484 

4*026 

1150 

837*9 

308*7 

1185*0 

876*3 

794*4 

81*9 

1103*1 

0*2589 

3*862 

120-0 

341*0 

312*0 

1186*0 

^ 874*0 

791*9 

82*1 

1103 9 

0*2095 

3*711 

1250 

814*1 

315*2 

1186*9 

871*7 

789*4 

82*3 

1104*6 

0*2800 

3*572 

130*0 

347*1 

318 4 

1187*8 

869*4 

786*9 

82*5 

1105*3 

0*2904 

3*444 

1350 

350*0 

321*4 

1188*7 

867*3 

784*7 

82*6 

1106*1 

0*3009 

3*323 

140*0 

352*8 

324*4 

1189*5 

865*1 

782*3 

82*8 

1106*7 

0*3113 

3*212 

146*0 

355*6 

327*2 

1190*4 

863*2 

780*2 

83*0 

1107*4 

0*3218 

3*107 

160*0 

358-3 

330*0 

1191 2 

861*2 

778*1 

83*1 

1108*1 

0*3321 

3*011 

155*0 

360*9 

382*7 

1192*0 

859*3 

776*0 

83*3 

1108*7 

0*3426 

2*919 

160-0 

363*4 

335*4 

1192*8 

857*4 

774*0 

83*4 

1109*4 

0*3530 

2*833 

166*0 

365*9 

333*0 

1193*6 

855*6 

772*0 

83*6 

1110*0 

0*3635 

2*751 

170*0 

368*3 

340*5 

1194*3 

853-8 

770*1 

83*7 

1110*6 

0*3737 

2*676 

175*0 

370*6 

343*0 

1195*0 

852*0 

768*2 

83*8 

1111 2 

0*3841 

2*603 

180*0 

373*0 

345*4 

1195*7 

860*3 

766*4 

83*9 

1111*8 

0*3945 

2*535 

185*0 

375*23 

347 8 

1190*4 

848*6 

761-6 

84*0 

1112*4 

0*4049 

2*470 

190*0 

877*4 

850*1 

1197*1 

847-0 

762*9 

84*1 

11130 

0*4153 

2-408 

19^*0 

379*6 

3524 

1197*7 

845*3 

761*1 

84*2 

1113 5 

0*4257 

2-349 

200*0 

381-7 

354*6 

1198*4 

843*8 

759*5 

84*3 

1114*1 

0*4359 

2*294 

250 0 . 

401 •(» 

374*7 

1204*2 

829*5 

7445 

85*0 

1119*2 

05393 

1*854 

300*0 

417*4 

391*9 

1209*3 

817*4 

732*0 

85*4 

1123*9 

0*6440 

1*564 

400*0 

444*9 

419*8 1 

1*217*7 

i 

797*9 

i 

7123 

86*2 

1131*5 

0*8572 

1*167 
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III. 

SATURATED-STEAM TABLES. 

From Prof, Pmbody’s Steam Tables {New Adition). 


Temperature of boil- 
iug-^iut, degrees F. 

'p o 

3 .2 

S O' 

ig 

Heat cf the liquid 
from 32^ F. 

B 

. 

2 

■Sa 

Ai 

'a 

s S 

H' 

£■« 

If 

Heat overcome ! 
external resistance. ! 

1 

. 1^’ 

« g 

ja-fl 

■p 

! 

o 


V 

h 

H 

h 

P 

E 

w 

V 

:32 

0*0886 

0-0 

1071-7 

107 x 7 

1017-5 

54-2 

0-000302 

3 S 08 

40 

0*1217 

8-1 

1075*7 

1067 -C 

1012-5 

55-1 

0 000409 

2446 

50 

0*1780 

18-1 

1080-4 

1062-3 

1006-2 

56- 1 

0-000587 

1703 

60 

0-2561 

28-1 

1085*1 

1057-0 

999-8 

57-2 

0-000828 

1207 

70 

0-3627 

38*1 

1089-9 

1051-8 

993-6 

58-2 

0001152 

868 

80 

0*5056 

48-1 

1094*6 

1046-5 

987*2 

69-3 

0-001577 

634 

90 

0-6960 

58-1 

1099-3 

10412 

980-9 

60-3 

0-002131 

469 

100 

0-9461 

68-0 

1103 7 

1035*7 

974-4 

6 * 1*3 

0-002851 

350 8 

110 

1-271 

78-0 

1108-1 

1030*1 

967-7 

62*4 

0-003771 

265*2 

120 

1-689 

88-0 

1112-4 

1024*4 

961 -0 

63-4 

0-004920 

203 0 

130 

2-220 

98-0 

1116-7 

1018-7 

964-2 

64*5 

0-00637 

157*1 

140 

2-885 

108 0 

1121-1 

1013*1 

947-5 

656 

0 00814 

122-8 

150 

3-715 

118*0 

1125-2 

1007*2 

940-0 

66-6 

0*01032 

96*9 

160 

4*738 

128-0 

1129-4 

1001-4 

9 :! 3'7 

■ 67-7 

0-01296 

77-2 

170 

5-990 

138*0 

1133-5 

995*5 

926-8 

68-7 

0-01613 

62*0 

180 

7*510 

148-0 

1137 5 

989 5 

919-8 

69-7 

0-01993 

50*2 

190 

9-339 

158-1 

1141-5 

983-4 

912-7 

70-7 

002444 

40-92 

200 

11-528 

168-2 

1145-4 

977-2 

905-5 

71-7 

0 02974 

33-62 

210 

14-125 

178-3 

1149-2 

970-9 

898-3 

72-6 

0 03597 

27 80 

220 

17*188 

188-4 

1153-0 

9646 

891-0 

73-6 

0-04321 

23*14 

230 

20-78 

198-5 

1156-6 

958-1 

883-6 

745 

0-0516 

19 37 

240 

24-97 

208-6 

1160 0 

951-4 

876*0 

75-4 

0-0613 

16-31 

250 

29 82 

218*8 

1163-5 

944-7 

868-5 

76*2 

0 0724 

13-82 

260 

: i 5 12 ’ 

229-0 

1166*8 

937-8 

860-7 

77-1 

0-0851 

11*75 

270 

41-84 

239-1 

1169-8 

930*7 

852-8 

77-9 

0-0995 

10-05 

280 

49-19 

249-4 

1173 0 

923-6 

844 9 

78-7 

0-1158 

8-689 

290 

57*53 

259-6 

1175-9 

916-3 

836-9 

79-4 

0 1341 

7-454 

300 

66-98 

269-8 

1178-7 

908*9 

828*8 

80»1 

0 1547 

6-462 

310 

77-63 

280*1 

1181*4 

901-3 

820-5 

80-8 

0-1779 

5-622 

320 

89-59 

290-4 

1184-1 

893-7 

812-3 

81-4 

0-2038 j 

4*907 

330 i 

102*98 j 

300*6 

1186 5 1 

885*9 

803-8 

82-1 

0-2319 

4-312 

340 

117-91 

310-9 

i 1188-9 

878-0 

795*3 

82-7 

0 - 2(542 I 

3*784 

350 

134-52 

321*3 

j 1191-3 

870-0 

786 8 

83*2 

0-2992 

3-342 

360 

152-89 

331-6 

11 93-4 

861-8 

778-1 

88-7 

0-3378 

2-960 

370 

173*17 

341-9 

1195-4 

853-5 

769 3 

84-2 

(»-3808 

2*626 

380 

195*52 

352-3 

1197*4 

845*1 

760-5 

84-6 

0-4275 

2-339 

390 

220-05 

362-7 

1199*3 

836-6 

751-0 

85 0 

0*4789 

2*088 

400 

246-9 

373-1 

1201-0 

827*9 

742 6 

85-3 

0-535 

1*868 
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APPENDIX, 


IV. 

CONDENSER TEMPERATURES AND PRESSURES. 


£ . • 


2^ 


£ . 




2,- 


£ 

"S 00 


p:x< 

£ 

1 

£ ® 


"S OD 


F- 

* c 7 
r p ^ 
e.g.« 

il 

i’S.2 

w O . 

> 3 cr 
O-g^. 

s| 

O' XJ 

H 

S -p .5 

S p"7 

&i» O W 

1 

“ -0.2 
w a"”. 
u •s a* 

^ 2 ® 

S 

T? 

1 fe-p.2 
^ 5 d* 

t 

P 

i 1 

P 


p 

t 

P 

t 

P 

CO 

0*256 









61 

0 265 

73 

0-401 

85 

0-594 

97 

0-F(>4 

109 

1-235 

62 

0-275 

7t 

0-415 

86 

0-613 

98 

0 891 

110 

1 1271 

63 

0*285 

75 

0-429 

87 

0-633 

09 

0-918 

111 

! 1-308 

64 1 

0-295 

76 

0*443 

88 

0-653 

100 

0-946 

112 

1 1-347 

6') 

0-305 

77 

0 458 

89 

0-674 

101 

0-975 

113 

1-386 

C<J 

0-316 

78 

0-474 

90 

0-696 

102 

1-005 

114 

1-426 

67 1 

0-327 

79 

0-480 

. 91 

0718 

103 

1-035 

115 

1-467 

m \ 

0-330 

SO 

0-50(5 

92 

0741 

104 

1-066 

116 

1-509 

60 

0-350 

81 

0-522 

93 

0 7(54 

105 I 

1-098 

117 

1-552 

70 

0-363 

82 

0-539 

94 

0 788 

106 

1 131 

118 

1-597 

71 

0-375 

83 

0-557 

95 

0-813 

107 

1-165 

119 

1-642 

72 

1 0-388 

81 

0 575 

9(5 

0-838 

108 

1-200 

120 

1-689 
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V. 


TABLE OB MEAN~rRES8EBE RATIOS, 

The mean pressure is obtained for any given nuiaber of exponsloiis by 
multiplying the initial absolute pressure by the factor given. Thus, ior adiabatic 
expansion with a cut-ofF at the initial pressure = 100 lbs. absolute — 

Pm- Pi y factor for five expansions = 100 x 0'49(> 

= 40 -U lbs. 


®- V , 

ratio of expansion. 

1 + hyp. log r 

jOi ~ r 

liyporbollc curve. 

i ^ = ITr * - IGr 

Vi 

\ saturation curve. 

= 

Pi 

adiabatic curve. 

10 

1 00 

1-00 

1-00 

15 

0*937 

0-934 

0*931 

2-0 

0-847 

0-840 

0*834 

2*5 

1 0-700 

0*750 

0*748 

30 

0-700 

0*088 

0*078 

3*5 

()*()44 

0*031 

0 - 1)20 

4'0 

1 0*597 

0-583 

■ 0*571 

4-5 

0 550 

0.542 

0-530 

5-0 

0*522 

0*506 

0*496 

5-5 

0*492 

0-477 

0*404 

0-0 

0-405 

0*450 

^ 0*438 

7-0 

0-421 

0-405 

0*393 

8-0 

0-385 

0*370 

0-357 

9-0 

0*355 

0*310 

0-328 

10*0 

0-330 

0*314 

0*303 

110 

0-309 

0*294 

0*283 

120 : 

0*290 

0*275 

0*264 

13-0 ! 

0*274 

0*259 

0*248 

140 

0-200 

0*245 

0*234 

150 

0-217 

0*232 

0*221 

ICO 

0*230 

0*221 

0*211 

170 

0-220 

0*211 

0*201 

18‘0 

0*210 

0*202 

0*192 

190 

0-208 

0*193 

0 * 18.3 

20*0 

0-200 

0*186 

0*177 

21 0 

0-192 

0*178 

o*u;9 

22-0 

0-180 

0*172 

0-103 

23-0 

0*180 

0*167 

0*158 

240 

0-174 

0100 

0-151 

25*0 

0-109 

0 T 55 

0*140 
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APPENDIX. 


VI. 

TABLE OF ENTEOPY. 


Temperature 

Specific heat 

Entropy of 1 lb. 

Entropy of 

1 lb. of steam. 

Entropy of 1 lb of 

d<f> 

Kahreuhelt. 

of water. 

of water from 32°. 

steam from 32° F, 

i. 

c. 


». = .y 

0 = 

(it 

32 

1 


2-2189 

2-2189 

0-00370 

000348 

0-00330 

0 00315 
0-00299 
0-00285 
0-00272 
0-00259 
0-00249 
0-00237 
0-00227 
0-00216 
0-00207 
0-00198 

0 00189 
0-00182 
0-00160 
0-00129 
0-00105 
0-00085 

50 

1 

0 0359 

2-1163 

2-1522 

60 

70 

1 

1-001 

0-0553 

0-0744 

2-0621 

2-0100 

2-1174 

2-0844 

80 

1-00 1 

0-0931 

1-9598 

2-0529 

90 

1-002 

0-1115 

1-9115 

2-0230 

100 

1-002 

0-1296 

1-8649 

1-9945 

110 

1-003 

0-1473 

1-8200 

1 9673 

120 

- 1-004 

01648 

1-7766 

1-9414 

]30 

1-004 

01819 

17346 

1-9165 

no 

1-005 

0-1988 

1-6940 

1-8928 

150 

1006 

0*2154 

1-6547 

1 8701 

160 

1-007 

0-2318 

1-6167 

1-8485 

170 

1-008 

0-2479 

1-5799 

1-8278 

180 

1-009 

0-2638 

1-5442 

1-8080 

190 

1 1-010 

0-2795 

1-5096 

1-7891 

200 

1-011 

1 0-2949 

1-4760 

1-7709 

250 

' 1-017 

0 - 30*90 

1-3220 

1 - 69 J 0 

300 

1026 

0-4385 

1 - J 880 

1-6265 

350 

1-034 

0-5042 

1-0698 

1-5740 

400 

1044 

0-5665 

0-9649 

1-5314 



QUESTIONS WITH SOLUTIONS 

(Prepared for the Author hy Mr. J. W. Kershaw, M.So. B.Eng.) 


1. THERMODYNAMICS OF GASES. 


1. What is the law connecting the pressure, volume, and absolute temperature 
of 1 lb. of air? 1 lb. of air at 2 atmospheres pressure and 20^ 0. : what s its 
volume ? 

It receives heat energy equivalent to 1000 foot-lbs., its volmne remaining 
constant: find its new pressure and temperature. The specific heat of air at 
constant pressure is 0*288. (Bd. of Ed., Stage III., 1900.) 

Answer . — The law connecting the pressure, volume, and absolute temperature 
is PV = RT ; R = 96-83 if T is in Centigrade degrees. 

Let Vi = the new volume ; 


then 2 X 14-7 X 144 x = 95-83 x (273-7 + 20) 

’ TT 96*83 X 293*7 p paq i tt- 

Vj = ^ -.7 = 6-648 cub. ft. 
* 2 X 14*7 X 144 


Heat added = kt, where t = the rise in temperaiure 

/. 1000 = (K - R)^ 

f — 4.30 Q 

^ “ 0*238 X 1393 - 95*83 


and the new temperature is therefore 24*8® C. 


To find the new pressure— 

PV = RT 

. ^ 95-83 X (273-7 + 24-3) ^ ^g.sg lbs. per square inch 

• • ^ 6-648 X 144 . ^ ^ 

If we add a small amount of heat 5H to a gas 

Heat added = increase of internal energy + work done 
8H = khT 4- pSu 
or dK = T + pdv 

ButL'^-T • = 

B ■ ' K, 

Substituting, dH = +pdv 

Integrating, heat added, H = | (PoVo - PiVJ + work done 


R = K — A; and ^ = 7 


K-k 




k . 
ii 


7 - i 


heat added in any change = ^ *“ 

y ■— L 
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During isothermal expansion the internal energy is constant. 

heat added = work done 

During adiabatic expansion no heat is added or rejected ; 

/. 0 = increase of internal energy + work done 
or work done = —increase of internal energy 

If expansion of a gas take place according to the law PV” = c, the heat given 
during expansion may be written in the following form, instead of the above 
form : — 

P V — P V 

The work done = — (goe p. 18) 
therefore heat given may by written — 

(P V - P.V.) + - P,V,) 

7 -l' » n-1 - 

_ ( y-” ) ^ £iV, - p^) 

“ 7 - 1 ^ n- I 

= “X work done 
7-1 


2. Ten cubic feet of air at 90 lbs. absolute pressure and at 65° F. are expanded 
to four times the original volume, the law for the expansion being PV**®* = a con- 
stant, ('iivon that the specific heat of air at constant volume = 130*3 foot-lbs. per 
pound, and at constant pressure = 183*4 foot-lbs. per pound, find (1) the tempera- 
ture of the air at the cud of the expansion ; (2) the work done in foot-lbs. ; (8) the 
amount of heat which must have l)een given by or been rejected to an external 
source during the cycle. (London B. Sc. Eng., 1904.) 

Ansiver . — 


T, _ /y.y-* 

65 -f 461 


, T,= 


526 


_ 626 

4 ‘*--=^- - 4*' - V2 

= 372^ absolute or —89° F. 

P, 


Work done in foot-lbs. 


- 1-25 - 1 ' 

= 151,800 foot-lbs. 


90 X 114 X 10[1 - (J)*] 

i 


Heat rejected = x work done = ^'^408 ^ X 151,800 


- 1 

= 58,790 foot-lhs. 


3. One pound of air at 32° F. and at atmospheric pressure occupies 12*387 
cub. ft. Find its pressure at 212° F. aud compressed to 3 cub. ft. 

Ans. 82*9 lbs. per square inch. 

4. Draw diagrams illustrating the addition of heat to a gas — 

(1) at constant volume ; 

(2) at constant pressure ; 

(3) with iucrease of both pressure and volume. 

5. Find the work done during the isothermal expansion of 1 lb. of air from 100 

Iba. per square inch to 20 lbs. per square inch, at a temperature of 100° F. Hyp, 
log 5 = 1*609. Ans. 48,021 foot-lbs. 

0. Find the work done during the adiabatic expansion of 1 lb. of air from 100 
lbs. per square inch to 20 lbs. per square inch. Ans. 27,487 foot-lbs. 

7. Air is compressed in an air-compressor adiabatically. If the initial tempera- 
ture is 60° F ,, find the final temperature. The final pressure is 6 atmospheres. 

* Ans. 408° F. 
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8 . A quantity of air at 60° F. is con^piORsed adiabatioally to J its yolume, and is 
then cooled down to 60° F. at constant pressure. The compressed air is next used 
for doing work by expanding adiabaticaUy to the initial pressure. Show that the 
ratio of the work done during expansion to that expended dunng compression = 
(I) y-h Prove the formula on which you rely. (Bd. 01 Fd , Hons., 1893.) 

9. Find an expression for thl work done by 5 cub. ft. of air, at a pressure of 
50 lbs. per square inch, when expanding at a constant tamperat’mo of 110° F. into 
a volume of 8 .cub. ft. State the amount of heat which must be supplied 
during expansion, and give reasons for your statement. 

Given, hyp. log 2 n 0.:C9«15 
hyp. log 10 = 2*80259 

(Bd. of Fid., Houg., 1892.) Ans. 21*7 B.T.U. 

10 . Find an expresr lon for the efficiency when air at 60° F. is con pressed to a 
pressure of 5 atmospheres, then cooled down under a coxistant pres8’\ro I 0 60° F., 
and afterwards used for doing work by expanding it back again to the pressure of 
the atmosphere. (Bd. of Ed., Hons., 1891.) 

11 . Calculate the work done in adiabaticrlly compressing and delivering 3 oub. 

ft. of dry air from atmospheric pressure to a pressure of 75 lbs. per square Inch 
above the atmosphere. The ratio of the specific heats is 1-408. You may neglect 
clearance ef[ect.s, and take the' pressure of the atmosphere at 15 lbs. per square 
inch. (Inst. C.E., Feb., 1902.) A^ts. 16,210 foot-lbs. 

12 . Hefirie the terms “ adiabatic ” expansion and “ isothermal ” expansion. In 
an air-eompressor, 10 cub. ft. of air at a gauge pressure of 5 lbs. per square inch 
and a temperature of 60° F. is compressed adiabatically to a gauge-pressure of 
105 lbs. per square inch. Find the volume and temperature at the end of the 
compression. If the compression was isothermal, find the volume at the end of 
compression ; the atmospheric pressure may be taken as 15 ibs. per square inch. 
(Inst. C.A., 1905.) 

Atis. Final temperature = 414-8° F. ; final volume = 2-800 cub. ft. ; if 
compression isotlieruial, final volume — 1-66 cub. ft. 

13 . Explain why it is not possilde to convert the wholo of a given quantity of 
heat into work. What is about the best possible efficiency of a steam-engine ? , 

14 . State Carnot’s principle. Point out the chief conclusions of a practical 

kind which have been deduced from this statement. Give the reasoning on which 
you found a measure of the efficiency of a perfect heat-engine. (Bd. of Ed., Hons., 
1894.) - 

15 . State the two laws of thermo-dynamics, and explain what limitation the 
second places upon the first in its application to heat-engines. (Inst. C.E., Feb., 
1898.) 

16 . Sketch the iijdicator diagram of an air-engine working with a Carnot cycle, 
and dud formulaj for the heat expended, the wurk done, and the efficiency. 
(Inst. C.E„ Oct., 1898.) 

17 . State the first law of thermo-dynamic.s, and give some account of any 
experiment with which you are acquainted by means of which its truth has been 
established. The consumption of coal in an engine is 2 lbs. per I.H.P. per hour^, 
and each pound cf coal may be taken as supplying 10,000 thermal units. Find ' 
what fraction of the heat is usefully employed. (Inst. C.E., Feb., 1899.) 

A71S. 12-7 per cent. 

18 . Distinguish between the adiabatic and the isothermal expansion of a perfect 
gas as regards work done, heat supplied, and efficiency. Prove your expression 
for the work done during each. (Inst. C.E., Feb., 1898.) 

10 . Show by a sketch, in approximately correct relationship, the curves for the 
(a) isothermal, (6) adiabatic, (c) PV*-® = constant, expansion of 1 lb. of air from 
a given initial pressure- volume and temperature to twice its initial volume. 
State broadly the difference (not numerically) in the variation in internal energy 
between each. (Inst. C.E., Oct., 1902.) 

20 . What is the law connecting pressure, volume, and temperature of 1 lb. of 
air, if at 1 atmosphere and 0° C. the volume is 12'39 cub. It. ? At 2^ atmo- 
spheres and 130° C., what is its volume? It receives heat energy equivalent to 
300,000 foot-lbs. at constant volume : what are its new pressure and temperature ? 
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The flpecifio hoat of air at constant pressure is 0238. (B<L of Ed., Stage 
in., 1208.) 

Afts. PVi=95*88T ; V= 7*811 cub. ft. ; 162*6 lbs. per Square inch ; T=1408® C. 

fil; B^uid expands from a point on the diagram where is represented by 1*6 
inches, and v by 1 inch, to a place where v is 8*5 inches. According to each of the 
laws of expansion, pv constant, pv^ constant, and constant, find the value 
of p at the end of the expansion in each case. (Bd. of Ed., Stage II., 1900.) 

Am. 0*428; 0*896 ; 0*864. 

2S. Prove that if 1 lb. of air e^^ands adiabatioally the index n in the ex- 
pression PV” = constant, is the ratio of the specific heat at constant pressure to 
the specific heat at constant volume. 

One pound of air at 354° F. (178*9° 0.) expands adiabatioally to three times its 
original volume, and in the process falls in temperature to 60° F. (16"6° 0.), The 
work done during the expansion is 38,410 ft.-lbs. Calculate the two specific 
heats. (London B.So. Eng., 1912.) 

Amuoer, — When heat is added to a gas the heat added may either increase the 
energy in the gas or do work, or both processes may take place at the same time. 

From the first Law of Thermo-dynamics — 

dQ = dE + dW 


where dQ is the heat added ; dE is the increase of energy of the gas, and dW is 
the work done. If the quantities are expressed in heat units — 




where I is Joule’s equivalent. 

For a perfect gas the energy is a function of the temperature. 

dE = A:. dT 

where is a specific heat. 

For constant volume dQ = A; . dT -h 0 


.*. A: is the specific heat at constant volume, generally written A;*,, and is here 
assumed to be independent of the temperature. 


V dV « 

dQ = Mt + -™ 


When the expansion of the gas is adiabatic there is neither gain nor loss of 
heat, and dQ = 0. 

. dT_ P 

•• dV “ JA;„ 

The characteristic equation for a perfect gas is— 

PV = RT 

whore R = (A:^ — A;„)J. 

Diflerentlating P + • . (3) 

dT 

Substituting in equation (3) the value of ^ obtained in equation (2)— 

^ + ^dV “ K 


^ dP , k,, dV ^ 

H““ p +;S v=® 

k ‘ ' 

Integrating, log. P + t- log. V = C 
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or PV*^' = C 
* P\T' = 0 
Ic 

^ is usually written y and = 1*408 for air, the indcs: y leiug the ratio of the 

/iCy 

specific heats in adiabatic expansion. 

In the numerical example, as the expansion k adiabatic there is no addition or 
loss of heat. 

/. work done = change of energy 
38410 ft. -lbs. = h, X 774(364 - 60) 

774 X ‘204 
= 0*168 
T /V 

Also j (p. 21) 

4^ 4- 3M _ .v-i 
460 + m ^ ' 

Taking logs ; log 814 - log 524 = (7-I) log 3 
and y = 1-408 = 

rC^ 

= 1*408 X 0-168 
= 0-236 


23. Obtain an expression for the work done when air expands isothermally. 

Air at a p?essure pi flows isothermally and without friction through an orifice 
whore the pressure is p„ ; w'hat' is the relation between Pi and for maximum 
discharge? (Sheff. Univ.) 


Answer , done = Jp,dY := p{Vy log,, for isothermal expansion (p. 12). 

Lot V = velocity and A = area of nozzle. 

.. , AV An,,V p,v. 

Weight discharged per second = - . = “ ,7-* . ^^2 = ~ 

jPi^i P2 


weight discharged : 


also = p^v^ log, 


kpn 




Pi 

>2 


2SfPl», lOgr^ 
P't 




This expression is a maximum when its differential — 0, that is, when 

log, ^-1 = 4 or = 0-603. 

P, Pi 

24. Air enters a single stage compressor at 60'’ F. and at 15 lbs. pressure. 
Find the work required per cubic foot to compress it to 90 lbs. absolute 
pressure, assuming that the compression curve is of the form PV‘'* = constant. 
After compression the air is cooled to 60^ F. and used in a motor. If the air 
expands to 15 lbs. pressure, find the work done per cubic foot hy the air. 
(Neglect clearance.) (Sheffield University.) Ans, 4753 ft.-lbs. ; 2656 ft. -lbs. 

23. Five hundred cubic feet of air at 60 lbs. por square inch absolute enter an 
air motor per minute and expand to 15 lbs. per square inch absolute. Find the 
horse-power of the motor, assuming the law of expansion is PV^** = constant. If 
you use a formula, prove its correctness. What is the final temperature, if the 
initial temperature is 228® F. ? (Shefiield University.) 

Ans, Horse-power = 156-5 ; final temperature = 40® F. 
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26. Show that when air expands adiabatically the index 7 in the law PV''' = 0 
is tiie ratio assuming the specific heat to he constapt. 

27. Find an exnression for the work done by an engine in compressing air 
from a pressure Pjand volume Vj to a pressure P, and volume V, and delwering 
it at Pj, assumiDg the compression curve may bo represented by the law PV“ -- 

(XJnstant. , . , , . • i. 

Find the horse-power required to deliver 600 cub. ft. of free air per minute 
at 60 lbs. per square inch absolute, the initial pressure being 15 lbs. per square 
inch absolute. Assume = constant. (Sheffield University.) 

Ans. 641 H. P. 


28 Find the heat changes per pound of air, and draw up a heat balance for a 
refrigerating machine usffig air as the working fluid under the following con- 
ditions 1 1 1 X X 

Admission pressure to compressor, 15 lbs. per square inch absolute ; tempera- 
ture, 85^ F. . 1 1 1 i 1 4 

Pressure at the end of compression, 75 lbs. per square inch absolute ; law of 

compression, = C. 

Temperature after passing through cooler = 65° F. • i v 

Pressure after expansion, in expansion cylinder, 15 lbs. per square inch ab- 
solute ; law of expansion, PV‘‘“ = C. 
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Answer,— Let P^, V. and be the original pressure, volume, and temperature. 

Pj, and T, the pressure, volume, and temperature after compression. 

Pp V3 and T., the pressure, volume, and temperature after cooling. 

Pjj, V4, and T^, the pressure, volume, and temperature after expansion. 

P.,V« = KTj . 

15 X 144 x^V: = 53*2 (460 + 35) 

V; = 12*19 cub. ft. 

To find V„ '75 X Vj I -is = 15(12*19)i-25 

Vj = 3*363 cub. ft. 

To find Tj, 75 x 144 x 3*363 = 53*2 T^ 

Ti = 682*9 

Loss of heat in cooler = (682*9— (460 -f 66)) X 0*2375 
= 37*60 B.Th.U. 

TcfindT., = 

T^ = 380*6 

Heat received from cooling chamber = (495 — 380*6) x 0*2376 

=27*2 B.Th.U. 
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Net work done work done during cor'^pression — work done during expansion 
of air. 

^ 1-^ X 144(75 X 3-bG3 ~ 15 x 12*19) ^25 x 144(75V3 - 15VJ 

(l*^- i)7^b ™ ' ““ (1*25 - 1)778 ” " 

= - -- X 3 Sf3 - 1219 - [5V, - 

To find V 3 , 75 x 144 x V, r-_ 53-2 x 525 

Vj = ‘2'5&t cub. ffc. 

To find V^, 15 X 144 x V, =- 53*2 x 380*6 

Y 4 = 9*374 cub. ft. 

5 y 144 V 15 - 

net work done = (io-815 - .12*19 - 12*93 -f 9*374) 

zzii 0 H.Tfi.U. 

Hoat rejected by air aurin'j compression ~ work lone 


" 7-1 

1*408 - 1*25/ 75 X 3*303 ~ 15 x 12*19 \ 
1*408 - Y ■ 778(1*25 - 1") ) 

19*9 J.Th.U. 

1*408 - 1*25/75 X 2*58i 
^ "" “1 *408 - i 7T8( 


lieafc received during expansion 


1*408 - 1*25/75 X 2*580 -- 15 x 9*374 


1*408 - 1 \ 
: 15*3 B.Th.U. 


778(1*25 - J) 


Heat Balance-.. heet. 

Heat rejofted during com- B.Th.U, | Heat abstracted from B.Th.U, 


pression 

Heat rejected during cool- 
ing 


chamber 

Heat received during 
expansion ... 

Work done on air ... 


29. In a iype of refrigerating machine vising air, the air is drawn from tho 
refrigerating chamber at a temperature 30° F. (atmospheric pressure 15 lbs. per 
square incli), compressed to 75 lbs. per square ^nch absolute and discharged to a 
cooler, where the temperature is reduced to 60 " F. From this cooler it is taken 
and expanded to atmospheric pressure and then discharged into the chamber. 
Tlie expansion and compression follow tho lawj^wi- = constant. Draw up a heat 
balance for I lb. air, showing — 

(1) Heat abstracted from tlic chamber. 

(2) Heat rejected during compression. 

(3) Heat rejected during cooling. 

(4) Heat received during expansion. 

(5) Heat representing work done. 

Take 'Kp = 0 2376, 7 = 1*4. (S.U., Hons., 1913.) 


Answer. — 

Heat Bal\nce. 


Heat rejected during com- 

B.Th.U. 

Heat abstracted from 

B.Th.U. 

pression ... 

25*54 

chamber 

21*92 

Heat rejected during cool- 


Heat received during 


ing ‘ ! 

28*66 

expansion... 

20*73 



Work done on air ... 

11*55 


54*20 


54*20 


[Note that having given and 7, then R = ~ 52*8.] 

2 II 
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80. A two-sta^ge compressor delivers air into a large receiver with the object 
of measuring the volume of air delivered. Find from the following data the 
volumetric efficiency : — 

Stroke 18 m. 

Effective area of L.P. piston 103*2 sq. in. 

Volume of receiver and connections 984 cub. ft. 

Temperature in receiver (final) 71° P. (21'7° C.). 

Temperature of air entering L.P. cylinder and initial temp. 

m receiver 68'^ F. (14*46° C.). 

Pressure of air in receiver, (initial) 14*7 lbs. sq. in. abs. 

Pressure of air in receiver (final) 92 lbs. sq. in. abs. 

Number of strokes taken to raise the pressure in the receiver 6900 

(London B.Sc. Eng., 1913). Ans. Volumetric efficiency = 0*795. 


31 On a pressure-volume diagram in which the scales are *. Pressure, 100 lbs. 
per square inch — 1 in. vertical ; volume, 1 cub. ft. == 2 in. horizontally plot a 
point A representing ^ lb. of a gas at a pressure of 200 lbs. per square inch and 
at KX)'^ C. temperature, having given that the characteristic equation of the gas 
is, pY = 0*7Ta), where T is the absolute temperature C., p is the pressure in 
pounds per square inch, V is the volume in cubic feet, and u is the weight of the 
gas in pounds. 

The gas expands to twice the volume shown by the point A according to the 
relation PV — a constant. Calculate and write down the temperature of the gas 
at the end of the expansion, and mark point B on the diagram which shows its 
new state. 

Calculate the heat received or rejected by the gas during its expansion from 
the state A to the state B. The specific heat of the gas at constant volume 
is 0*17. (B. of Ed., 1914. Higher.) 

Ans. Temperature after expansion, 100° C. ; heat received = 16*76 B. Th. U. 


II. PROPERTIES OF STEAM. 

1, Find the pressure of saturated steam at a temperature of 350° F. 

Ans, 134*6 lbs. per square inch. 

2. Draw a diagram illustrating the changes of II, L, p, and E between 102° E. 
and 400° F. 

Find the external latent heat and intrinsic energy in 1 lb. of steam at 14*7 lbs. 
per square inch ; temperature 212° F. ; volume of 1 lb. ift 26*6 cub. ft. 

Ans. E = 72-8 ; p + h 1074*7. 

8. Find the total heat, latent heat, internal heat, and external heat of 1 lb. of 
steam at a temperature of 373° F. 

Find the volume of 1 lb. of steam at a pressure of 150 lbs. per square inch 
absolute. • 

Compare your answers with those given in the Steam Tables, page 453. 

4. How much heat has been expended in evaporating 1 lb. of water at 60° F. 
into steam at 350° F., the wetness of the steam being 6 per cent. ? 

Ans. 1115B.T.U. 

6. A boiler evaporates 8J lbs, of water per pound of coal. The pressure of the 
steam produced is 100 lbs. per square inch (temperature 328° F.), feed temperature 
60° F. Find the equivalent evaporation from and at 212° F. Ans. 10*13 lbs. 

6. A boiler evaporates 7*3 lbs. of water into steam from feed water at 60° F. 

Find the equivalent evaporation from and at 212° F. Temperature of steam, 
357° F. The steam produced is 85 per cent. dry. Ans. 7*78 lbs. 

7. A boiler evaporates 9*7 lbs. of water per pound of coal from water at 60° F. 

The temperature of the steam is 376° F. Find the equivalent evaporation from 
and at 212° F. • Ans. 11*7 lbs. 

8 . A boiler produces 8*2 lbs. of wet steam per pound of coal from feed water at 



QUEST/Oys WITH SOLUTIONS. 467 

80” F. Find «he equivalent evaporation from and cl, 212” F. if the steam U 
90 per cent. dry. Ans. 8*9 lbs. 

9 . A boiler evaporates 7*5 lbs. of superhoated steam, the temperature on leaving 

the superheater being ooO*^ F. The feed water enter’s the ooiler at 85” F, The 
pressure of the steam is 100 lbs, absolute, and the tempe.:i,ture of saturated steam 
at this temperature is 328° F. Find the equivalent evaporation from and at 212° F. 
Total heat per pound = H 4 82 - 85 + 0-48(650 - 828). Ans. 9*95 lbs. 

10 . When comparing different boilers, what do wo take as the standard of 

evaporation ? Peed water, 25° G. ; steam, 15 per cent, wet ; that is, there is 
0'15 lb. of wat^r to 0 85 lb. of steam leaving p* boiler pt 180° C. If 9 lbs, of this 
wet steam leaves a boiler for e’^ ery pound of ebai burnt in the furnace, what is the 
evaporative powe^ of the cotJ, educed to st^mderd units of evaporation? (Bd. of 
Ed., Stage IL, 190o.) Ans. 9-447 lbs. 

11. Steam comin^ from a boiler is led into a tank of water. Show how, by 
using thermomciers and n )ting the amount of wat^er in the lank at various 
times, wo cpn find the drvness oi the steam leaving the boiler. (Bd. of Ed., 
Stage 11., 1904.) 

12 . Steam is admitted to a tank coii^ainiug 190 lbs. of w-atcr. The initial 

temperature of the water h 65° F., and the final temperature is 78° F. The 
steam condensed is 4 lbs. If the pressure of the steal 1 is 160 lbs. absolute 
(temperature 358° F,), find the dryness of the steam. Ans. 0*941. 

13. Steam is condensed in a tank containing 300 lbs. of water at 47° F. The 
increase in the weight of the water is 8 lbs. and the final temperature io 76° F. 
Find the dryness of the steam if the temperature of the entering steam is 841° F. 

Ans. 0‘896. 

14 . Upon what principle does the throttling calorimeter depend ? What is the 
maximum percentage of moisture that it will measure? State the formula for 
determiuing the percentage of moisture. 

15 . The steam in the main steam-pipe has a temperature of 820° F. It enters 

a throttling calorimeter, and its temperature after expansion is 267-6'’ F and 
pressure 21 lbs. poi- sc^uare inch. The temperature of saturated steam at 21 lbs. 
is 230*5° F. Find the dryness of the steam. Ans. 0*99. 

10. Steam enters a throttling calorimeter at 344° F., and expands to 19 lbs. per 
square inch. The temperature of saturated steam at 19 lbs. per square inch is 
225° F. The actual temperature of the steam is 290° F. Find the dryiifiss of 
the steam. Ans. 0*995. 

17. Steam escapes from a vessel which is maintained at a temperature tp into 
a vessel whoso temperature is ; prove that — 

^ — r _ ■“ ^2 ~* ^1(1^2 1^1) 

•^2 j-Y — j — — 

Eg 

whore and x., arc the dryness fractions, and L,, Lg the latent heats. (Inst. C.E., 
1904.) 

18. PoscT ibe any method with which you are familiar for measuring the wetness 
of steam. (Inst. O.E., Oct., 1901.) 

19 . Draw tlie tliree characteristic curves for steam, and say under what 
conditions steam follows each of those curves during expansion. 

dj) 

20 . Given the following numbers for steam, use squared paper to find at 

150° C. The latent heat of steam at 150° G. is 500*8 in pound- Centigrade units : 
find the volume of a pound of steam at 150° G. 


e 

145 

150 

165 

Pressure in pounds per square foot . ' 

8698 

9966 

11,380 


Prove your formula. (Bd. of Ed., Stage III,, 1903.) 

To find the Volntne of 1 lb. of Saturated Steam , — It is not easy t(> determine this 
volume directly, so it is calculated from other properties of steam which can be 
more accurately determined. 
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In applyiiig Carnot’s cycle to the steam-engine, the wof k obtained per pound was 

shown to be ei^ual to .5?) in fi(,at units, or in foot-lbs. 

' , . . . -44 JL5T 

I! the temperatures are close together, this expression may be written — ^ — 

Referring to the indicator diagram, the length 
MN is n — Wy where u = vol. of 1 lb. of steam, and 
w = Vol. of 1 lb. of water. Its height = 5P. 


The area of the diagram = work done = 5P x {u ■ 
8P(u -«.)=- 

T iU V *4 

In the limit u — w — x 


-w) 


or u ~ w -{• 


JL r7T 
T 


Fig. 477. 

The volume of 1 lb. of steam, when calculated 
by the above formula, depends upon 3, which causes the volume to vary 
in different Tables according to whether 772 or 778 has been used in the cal- 
culation. 

In the example given wc find, from plotting on squared paper— 

%-m 

, JIj dT * 

u = 10+ r[^ X 


= 0016 + 

= 6172 cub. ft. 


dP 

1393 X 500'8 


150+ 278 ^268 = 00'° + 


21. Derive the formula (u - ic) = X ^p. Steam at 90 lbs. absolute {t = 320), 

Tj = 888 '4, the change of pressure for one degree is 1’28 lbs. per square inch : find 
the volume of 1 lb. of dry steam, taking w = O'OIG. (Inst. G.E., Oct., 1903.) 

Ans, 4 ’86 cub. ft. 

22. What is the volume of 1 lb. of steam at 165° 0., the latent heat being 490 


in pouud-Centigrade units? 
the following information : — 


To find approximately, use squared paper and 


0° 0 

I^rcssure in pounds per square foot . 


160 

12,940 


165 

14,680 


170 

16,680 


Prove your formula. (Bd. of Ed., Stage III., 1900.) Ans. 4*29 cub. ft. 

23. How much heat must be given to 1 lb. of feed water at 40° C. to convert 
it into steam which is 10 per cent, wet at 180° C. ? An engine uses 6000 lbs. of 
this steam per hour, the indicated horse-power being 180. What is the indicated 
energy per hour in heat units? How much heat goes to the condenser or is 
radiated? (Bd. of Ed., Stage II., 1906.) 

Ans. 573 heat units ; indicated energy = 255,900 heat units ; heat to con- 
denser = 2,60ff,100 heat units. 

24. An engine uses 4000 lbs. of wet steam per hour at 170° C., there being 90 
per cent, steam and 10 per cent, wateri If the feed water was at 20°, how much 
heat is supplied? If the indicated horse-power is 140, how much heat energy is 
indicated per hour ? If we imagine no boat to be radiated, and if the circulating 
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water of the oondensGr is raised 10 decrees Centigrade, how many pounds of cir- 
culating water are being used per hour? ('Bd. of Ed., Stage II., 1901.) 

Ans. 4,244,400 B.T.U. ; 856,298 B.T.U. ; 216,000 lbs. 

26 . Peed water 25° (J. ; steaiu 10 per cent, wet ; that is, there is 0-3 lb. of water 
to 0*9 lb. of steam ab 170*^ 0. If 26 lbs. of this wet storm enter the cylinder per 
indicated horse-powor, how mnch of the heat passes to the exhaust ? If the stuff 
leaves the cylinder as saturated steam and water at 105° what is its wetness? 
Neglect radiation or other loss of hsao by the cylinder. (Bd. ^f Ed., Stage III., 
1903.) 

Ans. 18,788 heat units per I.H.P. per hour above 25° 0. ,* wetness, 16-5 per 
cent. 


20 . Explain fully what oi-cu..s when heat Is applied to water until it is converted 
into dry saturated steam, thvi prest.ure b<dng maintained constant during the pro- 
cess. Illustrate yorr remarks by means of the tomporature-entrop^ cha^’t, taking 
the following numerical date : — 


Weight of water 

Initial temperature of water 

Ih’essure of steam 

Temperature of saturated steam at this 

pressure 

Total heat 

How many heat units arc required throughout the whole process, and how many 
are required for the mere conversion of the water into steam after it has been 
raised to the steam temperature ? (Note. — hand-sketch of the chart wdll he 
sufficient.) (Inst. (kE.,Feb., 1906.) 

27 . If water is supplied at 60° P. and evaporated at 120 lbs. pressure per square 
inch {t = 341° F.), how Uiany pounds of water will bo evaporated by 5000 tiiormal 
units ? Give full details of your working, and calculate each })ortion of the heat 
addition to the water separately. (Inst. G.E., Fch., 1901.) 

Ans. Sensible heat — 281 B.T.Xl.; latent heat = 875'3 B.T.U.; total 
heat = J ISO’S B.T.U. ; water evaporated = 4-325 lbs. 

28 . Calculate in British thermal units the external and iiitornal heat per 
pound of baturatecl steam wliicli is supplied from a boiler working at a prossuro 
of 100 lbs. per square inch (absolute). 

Number of cubic feet per pound of steam 
Total heat of evaporation from 32° F. . 

Temperature of steam 

(Inst. C.E., Oct., 1901). 

Ans. External heat = 80-9 B.T.U. ; internal heat — 1101*1 B.T.U. 

29 . Distinguish between the “ internal work ” and the “ external work ” done 
in changing the state of a fluid. If the heat expended in generating a pound of 
steam be 1000 thermal units, and the external work done be 60,000 foot-lbs., find 
how much internal work is done. (Inst. C.Fj., Oct., 1898.) Ans. 922’9 B.T.U. 

30 . Calculate the number of British thermal units supplied per pound of steam, 

starting from water at 70° F., and generated in a boiler at a pressure of 150 lbs, 
per square inch (temperature 358° F.), and afterwards superheated to a temperature 
of 600° F. You may assume the common value for the specific heat of superheated 
steam to be correct. (Inst. C.Fj., Oct., 1901.) Ans. 1219*6 B.T.U. 

31 . A steam electric generator on three long trials, each with a different point 
of cut-off on steady load, is found to use the following amounts of steam per hour 
for the following amounts of i^ower 


4*37 

1182 B.T.U. 
328° F. 


1 lb. 

100° F. 

150 lbs. per square mch 
absoh 1 to 

358° F. 

1191 B.T.U. 


4020 

6650 

210 

480 

114 

290 


10,800 

706 

435 


Pound.s of steam per hour 
Indicated horse-power . , 

Kilowatts produced . . 
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Find tbe indicated horse-povret and the weight of steam used pec hour when 
380 kilowatts are being produced. 

Find in tbe four oases the amounts of steam used per Board of Trade unit (that 
is, p$t kilowatt-hour). (Bd. of Ed„ Stage II., 1901.) Ans. MS I.H.P. ; Y690 lbs. 

32. Taking the hypothetical indicator diagram, if the average pressure during 
the stroke is 

1 + loge r 

where pj is the initial pressure, andpa is the back pressure ; if r, the ratio of cut-off, 
is 8, if Pais 17, if the area of the piston is 150 sq. in., if the crank is 1*2 feet, 
if there are 800 strokes per minute, then the horse-power is— 

P.= api - b 

Find the constants a and h. 

If u is the volume of 1 lb. of initial steam, then the weight in pounds per hour is— 

Ui 

Find the constant c. 

Given the following values of p, and it,, find P and W and tabulate them 


P\ 

60 

80 

100 

120 


7-08 

5*37 

4*356 

8*671 

. of Ed., Stage II., 1905.) 

Ans. a = 2*28 ; 

b = 55*6 ; c 

Pi 

60 

80 

100 

120 

P 

81 

127 

172 

217 

w 

2133 

. 2793 

3444 

4091 










33. Ifp = 79*03 when $ = 155° C., and p = 89*86 when 6 = 160° C., find d and 
when p is 85, assuming that p = n{d -h by. (Bd. of Ed., Stage II., 1899.) 


Answer,- 


p = a{e -f by ; -^ = (0 4- ly 
, - (p\^ 


.-.(« + ;<) = (3 

de _i ■ 

Substituting in equation (1) to find a — 


-f =^-!-i>-iandt = 6a¥ 

dp J - ^ de 


155 + 6 


_ /^03\i 


V <» i 
160 + 6 = (-^)“ 

, ui. *• u ^ 2i59 2 396 

/. by subtraction we have 5 = — - — 

05 05 


(1) 


( 2 ) 


= 0-063 
; 86* = 0 063 

the units being pounds per square inch and degrees C. 


^ = 0-063 X 86* = 0 063 x 34-95 = 2-202 
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To find 6, substitute the valve of 0 * iu (2) — 
^165 + 6 = (79-08)i X 


To find e — 


h = 85-2 


0068 


. + 352 = (f)^ 

e i- 35-2 ^ = 198 

^ ooas 

/. 0 = 193 - 35*2'- C. 


84. The volume of 1 lb. of saturated steam at 160® C. has been calculated by 
the well-known for:.mla from latent heat, etc., and found to bo 4*82 cub. ft. 

What value must have been taken for Take Joule’s equivalent as 1893. 

Prove the formula to be correct. (Bd. of Ed , Stage III., 1899.) Ans. 330. 

35. Define the terms “ superheated ” and “ dry saturated ” as applied to steam. 
During the trials of an engine using superheated steam, the steam \\as supplied 
at a pressure of 130 lbs. per square inch absolute, and the superheat was SCO® F. 
'I'he engine consumed 12 lbs. of steam per I.H.P. hour, the feed temperature being 
120° F. Express the consumption in “ pounds of dry saturated steam ” at the 
same pressure, and also in “ pounds of water evaporated from and at 212° F.” 

At a pressure of 180 lbs. per square inch absolute, the boiling-point is 347*2° F., 
the total iieat of 1 lb. of dry saturated steam is 1,187*9 B.T.U., reckoned from 
82° F., and the latent heat is 869*4 B.T.U. Taka the mean spocitio heat of the 
superheated steam as 0*48. (Inst. C.E., 1906.) Ans. 13*57 lbs. and 15*44 lbs. 

36. Steam of wetness fraction is expanded adiabatically from a pressure 
to a pressure p. The expansion curve is = constant, whore n =-. 1*186 — 0*lw;, 

and the specific volume of steam is given by = constant. Find the wetness 
of the steam after expansion from to in terms of p ^ , ^>, and w. Hence find 
the wetness of 5 per cent, wet steam after adiabatic expansioii from 160 to 20 lbs. 
per square inch absolute. (London B.Sc., 1912.) 

Ans. Let — the dryness of steam before expansion 

= 1 — Wi 

q.j. = dryness of steam after expansion 
- 1 — 

P.(2.V,)" = P.feV,)» (1) 

where Vj and Vo are the volumes of 1 lb. of dry steam before and after expansion 
respectively. 
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Substituting the numerical values given in the question- 


a, = l-(l-005)(^°) 

.IK, 0-9412-0 8849 


_ 1_ U 

150\i-i35-0lXft05 17 


87. Prove that if the volumes of a fluid before and after undergoing a change 
of state at pressure p and temperature T are Vi and t ?2 respectively— 

J\ (IT 

where \ is the heat absorbed in the change and J is Joule’s equivalent. 

Apply this equation to determine the volume of 1 lb. of steam at 150 lbs. 
pressure, having given that - 

J’nis./O" AinH.T.lT. 


(Sheff. Uuiv.) 


Ans, Vol. = 3’03 cub. ft. (See‘n. 20.) 


88. Tn a given vapour the relation between the temperature I and pressure p 
is given by the expression — 


and the latent heat by- 


t = 140 Vp 4- 4 


L =r 1200 - 0’5t 


where t is measured on the Fahrenheit scale and L in B.Th.U. 

These relations are also expressed by — 

t = 77*8 ViT- 15'5\ 

L = G58 - O bt j 

where t is measured on the Centigrade scale, and L in pound calories, p in each 
case being the pressure in pounds per square inch absolute. Find, the specific 
volume of dry saturated vapour when at a pressure of 81 lbs. per square inch 
absolute. The volume of the liquid is 0’02 cub. ft. per pound. (London B.Sc. 
Eng. 1913.) 

Ansioer . — The formula connecting the volume of a vapour with its pressure, 
temperature, and latent heat is — 

JLdT . 

= dP 

T = ^ 4- 460 = 140V'81 + 4 + 460 

T = 884® absolute, or 424® F. 

L = 1200 - 0-5 X 424 
= 988 B.Th.U. 

Before finding ^ express T in terms of the pressure in pounds per square foot, 

(IT ^ \ , 1 dT 

or may be taken as 
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Expressing T in terms of the pressui^ per square foot — 

. T = 140^^^+460 + 4 

where P = pressure m lbs. per square foot . 

T = 40*4:v P + 1G4 
then “ 40*41 x 

Let P ■■= 81 X 114 then “ ‘l = — 0-009001 

<*' 4 X 144'l X 811 

•. u ■=^ X 0 009001 + 0:U2 

--7-847 cub. ft. 

39 . In a combined separating and w* re-drawing calorimeter the following 
observations were taken : — 

Total quantity of steam passed through the diaphrr.gra, 62 lbs.; water 
drained from the separator, 2*7 lbs. ; steam pressure before wire-drawing, 11 S lbs. 
per square inch absolute (temperature, 340®P.) (171 latent beat, 878*3 B.Th.U. 
(488 O.H.LT.). Temperature of steam on leaving, 232*6° F. (111*4° C.). Steam 
pressure on leaving, atmospheric. Find the wetness fraction of the steam on 
entry. You may take the specific heat of superheated steam as 0*48. (London 
B.Sc. Eng., 1013.) Jns. Wetness of steam = 8*3 per cent, 

40. Taking the hypothetical diagram, no cushioning or clearance, expansion 
part vv constant, the mean pressure in the forward stroke is^ — 

• 

r 


If the back pressure in the cylinder is 17 Ib^. per square inch, and if we look upon 
friction as equivalent to a back pressure of 14 lbs. per square inch, what is the 
real work done in a stroke of I feet, the area of the piston being A sq. in. ? What 
is the volume of steam admitted for one stroke ? What is the work done per 
cubic foot of steam if = 1(X) lbs. per square inch and r = 4 ? (B. of Ed., 1907.) 


A'l.docr.- 


Mean pressure = i ^ - 17 




14 


= 38*95 lbs. 

where P “ initial pressure 

r — number of expansions — 3 

work done per stroke = 38*95 x area X stroke 

steam used per stroke = x stroke x - 
^ 144 r 


work per cubic foot 


_ 38*95 X area x stroke X 144 x r 
~ area x stroke 

= 16830 ft.-lbs. 


41 . Steam passes through a throttling calorimeter, where it is reduced in 
pressure from 120 lbs. per square inch (temperature, 341° F.) to 15 lbs. per square 
inch. The temperature after expansion is 2.80° F. The temperature of steam at 
15 lbs. per square inch is normally 213° F. Find the original dryness of the 
steam. The latent heat of 1 lb. of dry steam is approximately 1114 — 0*7^ 
thermal units, where t is the temperature of the steam in degrees Fahrenheit, 
The specific heat of superheated steam may be taken as 0*5. (Inst. C.E., 
October, 1913.) Ans, Dryness of steam ~ 96*6 per cent. 
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III. TEMPERATURE— ENTROPY DIAGRAMS. 

1 . Find the heat given to 1 lb. of feed water at 40* C. to convert it into wet 
steam (15 per cent, water) at 170° G. If 25 lbs. of this wet steam reaches the 
cylinder per horse-power hour, what percentage of the heat leaves with the exhaust 
or is radiated from the cylinder ? 


Temperature . . * . . 

Fjntropy of 1 lb. of water 
Eatropy of 1 lb. of steam 


170° C. 

100°C. 

0*490 * 

0-814 

1*585 

1-748 


40° C. 
0*137 
1*982 


Draw a B<f> diagram. State in heat units and foot-pounds the energy that is 
represented to scale by one square inch of your figure. Find the work that would 
be done per pound of this wet steam in a perfect steam-engine (Rankine cycle) 



eNTROf»y 

Fia. 478. 

working between these temperatures of 170° C. and 40° C. What is the efficiency 
ratio of the engine as compared with this perfect steam-engine ? 

Answers must be correct to one per cent. The examiners do not want to be 
told how calculations are made by the <p0 diagram ; candidate must really 
make the calculations correctly. Also, calculation by a formula is not what is here 
wanted. (Bd. of Ed., Stage III., 1902.) 

Heat required = Tz. -f jcL = 170 — 40 -f 0*85L 
L x= 606*5 - 0*695 x 170 = 488*4 
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heat required = 170 - 4^ + 0-86(488-4) = 130 + 416 = 646 units 
heat entering cylinder = 645 x 25 18,625 units 

83000 y 60 

heat transformed into Vork = — = 1414 units per hour 

loyo 

percentage to exhaust = ~ -- o-836 or 89'6 per cent. 

13625 13626 ^ 

The amount of heat converted into work is shown by the area ABCD on the 
t ^ 4> diagram. i 

This area = 2b3 squares, and each square is euap^ to 6 x O’l = 0*6 heat units 

/, total area represents 283 x 0*5 n= 141*6 heat units 

66‘56 

efficiency = X 100 = 39-9 per cent. 

2. Given the following information, draw a f — diagram : — 

A quantity of water-steam whose weight is unknown has the volume 6‘16 cub. 
ft. at 160° C. It expand? adiabatically to 160° C., and then its volume is ^^6*27 
cub. ft. ; neglect the volume of the water part. 


f^C. 


0 of 1 lb. of water. 


0 of 1 lb. of steam. 


u, the cubic feet of 
bteam per pouud. 


160 0*466 1*604 4*H27 

115 0-364 1*705 16*.S2 


What is the weight of stuff with which wo are dealing, and how much of it is 
steam and how much of it water at the beginning and at the end ? (Bd. of Ed., 
Hons., 1904.) 

On the i — 4) diagram 4*827 cub. ft. are represented by a length measured on 
the eUtropy scale = (1*604 — 0-466) = 1*138. 

Therefore G-16 cub. ft. will be represented by ~ ^ ~ 1’452, and the 

total length from the zero line = 1*452 + 0*466 = 1*918. 

26*27 

Similarly, 26*27 cub. ft. are represented by (1*705 — 

the total length from the zero line = 2*174 + 354 = 2*528.‘ 

If the diagram had been drawn for x lbs. of steam and water instead of 1 lb., 
and the mixture had expanded adiabatically, </> would have boon constant. 

Therefore the additional water required in order to increase the entropy from 
2*628 — 1 *918 

1*918 to 2*528 - L' 0*354’ every pound of water increases the entropy 

by 0*466 - 0*354. 

total water and steam present at the beginning — ~ 6*446 lbs, 

of which lbs, are steam = 1*276 lbs. 

4*827 

1 *270 

dryness at beginning = = 0*192 

The steam present after expansion = = 1*61 Ibs 

16*32 

dryness after expansion = = 0*25 

6*446 

8. What percentage of steam initially containing 10 per cent, of moisture will 
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be liquefied during adialbaotio expansion from 307° F. tol20°.P. ? (Inet. C.E,, Peb., 

1903.) Am, Wetness after expansion = 25 per cent. 

4. The entropy of 1 lb. of water for the absolute Centigrade temperature t is — 

Calculate this for two values of the temperature, say 70^^ 0. and 170® C. It is, 
of course, 0 at 0° C. Plot the temperature-entropy diagram for water. State 
exactly how much heat is represented by the area of 1 sq. in. of your diagram. 
(Bd. of Ed., Stage II., 1903.) 

6, Find the entropy added to 1 lb. of water at 181'^ C, in forming 1 lb, of wet 
steam at 181° C. if nine-tenths of it is steam and one-tenth water. 

Sketch the appearance of a water-steam temperature-entropy diagram, and show 
how it infoims us about liquefaction during adiabatic expansion. (Bd. of “Ed., 
Stage II., 1901.) Ans. 0’9495. 

0. Given the following information, draw a f(p diagram. On it mark the point 
which shows a pound of water-steam which is 90 per cent, steam and 10 per cent, 
water at 360° 0. Now draw the adiabatic to 115° C. At 115° C. how much of 
the stuff is steam ? 


0^ c. 

j 0 of 1 lb. of water. 

(j) of 1 lb. of dry Htoam. 

160 

0-466 

1-604 

115 

0-354 

1-705 


(Bd. of Ed., Stage II., 1904.) Ans. 84*1 per cent. 

7. Explain what is meant by “ entropy,” and show how the change of state of 
a fluid consequent on the application of heat is represented graphically by a 

(3) at a constant temperature of 500° F. ; the quantity 

stage being 1000 thermal units. Calculate the change of entropy, and sketch the 
diagram. (Inst. C.E., Feb., 1899.) Ans, (1) 1'314; (2) 1166; (3) 1-041. 

8. Show how the heat supplied during the expansion of a mixture of steam and 
water is graphically represented on a temperature-entropy diagram. Show that 
if no heat is supplied to steam which is originally dry, it necessarily condenses 
during expansion, and exhibit graphically the heat necessary to prevent condensa- 
tion. (Inst. C.E., Oct., 1898.) 

9. A pound of water at 0° C. is heated as water to 145° C., and then converted 
into wet steam at the same temperature with 15 per cent, of wetness (p is 60-4 lbs, 
per square inch, u is 7*009 cub. ft. per j)ound). Find its intrinsic energy and its 
entropy in excess of what they were at C° 0. (Bd. of Ed., Stage II., 1900.) 

Ans. 748,655 foot-lbs. ; 1-452. 

10. Show how to construct the entropy diagram for steam, and state the use of 
the diagram. 

Steam expands adiabatically from being initially wet. Find the change in the 
dryness fraction for a given range of temperature. (Inst. C.E., 1904.) 

11. If an indicator diagram of a steam-engine cutting off at g-strokc and working 
between a pressure of 100 lbs. and 30 lbs. absolute were supplied to you, show fully 
how you would draw an entropy chart so as to find out the dryness fraction at the 
end of expansion. State what additional data would be required. (Inst. C.E. , 
Oct., 1902.) 

12. Given the following information, draw a t<l> diagram. A pound of water- 
steam at 160° C. expands adiabatically to 115° C. If 90 per cent, of it is steam at 
the beginning, how much of it is steam at the end ? If only 30 per cent, of it is 
steam at the beginning, how much of it is steam at the end ? 



QCTEST/ojvs mm soLtrriom, 


All 



i 

^ of 1 lb. of 1 
w^ter. 1 

1 

^ of 1 lb. of , 

1 

I M, the cubic 1 
1 feet of Bteani 1 
j per pound j 

p. the pressure 
in pounds per 
aguare incli. 

160 

0-466 

1*604 - 

1 4*817 j 

89*86 

115 

0*354 

1*705 

j 16-32 

! 25-54 

1 


What is the actual volume v at the beginning and end in both cases, neglecting 
the ‘Volume of the water part? Assume that in each case there is an adiabatic 
law like pa" constant and find n. (Kd. of Kd.^ Stage III., J904.) 

Ans. 83*£> per cent. ; 33 5 x)er cent.; 4-3363 cub. ft.; 13*62 cub. ft.; 
1*445 cub. fo. ; 6-46G cub. ft. ; n - 1*10 and 0‘94. 

13 . Given the following number , draw the temperature- entropy uiagram: — 


Temperature 

Eritrox)y of 1 lb. of water . 
Entrojiy of 1 lb. of steam . 


100<^ C. ISO"' C. 
0-334 0*393 

1*748 1*667 


1617° C. 

0- 466 

1- ti04 


Steam 90 per cent, dry at 160° C. : find iis dryness as it expands adiabatically, 
at 130° C. and at 100° C. (Bd. of Ed., Stage III., 1901.) 

86-1 x)er cent, and 82 per cent. 

14. Taking the following figures, draw a diagram. State in heat-units and 
foot-pounds the energy that is re^) resented to scale by 1 sq. in. of your figure. 
Find the work that would be done by 1 lb. of steam 90 per cent, dry at 160° C. on 
tb(} Rankinc cycle, the lower tomx>erature being 100° C. 

Your answers must be correct to 3 i)or cent. 

The examiners do not want to bo told how calculations are to be made by the 
diagram ; candidates must really make the calculations correctly. Also calculation 
by a formula is not what is here wanted. 


Temperature 

Entroxiy of 1 lb. of water 
Entropy of 1 lb. of steam 


160° C. 

130° C. 

0*465 

0-391 

1*603 

1-668 


100° C. 

0- 313 

1- 749 


Suppose release to take place before 100° C. is reached in the expansion, what 
assunfption i.s made to enable us to represent relea.se on the diagram? (Bd. of 
Ed., Hons., 19i)S.) An.s. Work done = 05’1 B.T.U. 

T6. Sketch the entropy diagram for steam at 390° C. (p = 182-4 lbs. per square 
inch), sni)erixeated 50° C. above its temperature of j)roduction, expanded adiabati- 
cally to 40° (j. and condjiised. Find the work done per pound of steam. What is 
the state of the steam as to dryness at the end of the expansion ? (Bd. of Ed., 
Hons., 1900.) 

10 . Define the term “thermal efficiency.” Work out the formula for the 
thermal efficiency of the Carnot cycle for a heat-engine, and for the Rankine 
(Clausius) cycle for a steam-engine, or show the meaning graphically by means of 
the temperaturo-entroxiy chart. Why is the thermal efficiency of the Carnot cycle 
greater than that of the Rankine cycle? (Inst. C.E., Oct., 1899.) 
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Steafn-engine using CarnoVs Cycle, 

Let a small amount of water be plaeed in a non-oonduoting cylinder. Let there 
be two indefinite sources of heat, Tj and Tg, and a non-g^onductor of heat, N. 

Let the water be at the temperature Ti of the hot body. Then, if the hot body 


• T. b 



Fig. 479. 

bo applied, the water will bo converted into steam at constant pressure and tempe- 
rature. This is represented by the line ah of the indicator diagram. 

Then remove the source of heat Ti, and let adiabatic expansion take place 
until the temperature T 2 is reached. 

Next apply C. Compress the steam isothcrmally at Tj, allowing C to take the 
heat generated. Stop the compression at d. 

Now remove C and apply N, allowing adiabatic compression to take place to the 
original temperature Ti, 

The indicator diagram for the cycle is abed. 

The process is evidently reversible. The heat is taken in at T, and rejected 
atT^; 

T — T 

the efficiency of the cycle = * ^ 

•t 1 

The heat received for every pound of water evaporated = L. 

(T — T 1 

/, the heat converted into work per pound s= x - * ^ ^ 

In practice the last step is not taken, namely, • compressing the substance 
adiabatically to the temperature T,. Thus the substance in practice does not 
receive all its heat at the highest temperatm-e, but at temperatures lower than Ti. 

Steam-engine not taking in all its Heat at the Highest Temperature {Rankine Cycle), 

Let 1 lb. of water be heated from Tg to T^, then converted into steam and 
expanded adiabatically to Tj. Let it be condensed at Tg and returned to the boiler. 
To find the heat turned into work. 

In this case most of the heat is taken in at Ti, but a certain proportion of it is 
taken in between Ti and Tg. 

If a very small proportion of the heat be taken in at, say, T, then the efficiency 
of this amount = and the heat converted into work = ^ 

The total heat converted into work = IS where 8Q represents the heat 

taken in at T, 
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Taking the Specific heat of water as unity, 8Q = T, the heat required per pound 
to raise water from T^ to = Tj — T,, and, the heat required to convert 1 lb, of 
water at T^ to steam at = L^. 

Therefore taking the Ihnit and integrating, we have— 

Work done per pound 

^"^'dTlT - T,) , L,(T. - T,) 

T” T,' 

/T, 


= W= f 


Work per pound 

= T, - T, - T, log, 


%) 


It is obvious that if the whole of the water is 
not converted into steam, but has a dryness 

then W = T, - T, - T, log, "_T2} 


Tforfe done per pound of Steam by an Engine 
using superheated steam and working on the 
llankine Cycle. 

The wdrk done is represented by the shaded 
portion abedea of the temperature entropy 
diagram. 

Area abedea = area mahn — area mafn -f area 
fbeg -f hedk — area hgek 



Fig. 479a. 


= (T, - T,) 

whore tr is the specific boat. 




T. L,(T, - T,) 


4- «-(T, - T.) - ,rT, log,^^' 


17. Obtain the adiabatic equation for steam. One pound of steam is expanded 
in a turbine from IGO lbs, absolute pressure to 150 lbs. What is the dryness and 
volume of the steam after expansion? The volume of 1 lb. of steam at 160 lbs. 
pressure is 8-01 cub. ft. ; L, = 857*4 ; L, = 861*2 ; Ti = 824*4 ; % = 819'8. Find 
also the vclo. ity acquired by the steam. 


Adiabatic Eguation. 


The heat required to produce 1 lb. of wot steam from water at T.^ T, — Tj + 
When this wet steam is expanded adiabatically to Tg and then condensed, the 

T (T — T.) 

work done per pound = Tj — T.^ — log« ^ ' + jCiL/- The heat rejected 

I2 -*1 

to the condonsor must therefore be the difference between these two quantities, 
namely — 


T, - T, + x,L, - [t, - T, - T, log. + T, log. 

The heat rejected at Tg is the latent heat at Tg = 0 : 2 ^ 2 ? *^2 dryness ; 


Ti 

T* 


/, .T2I.J2 


fjLjTg 

Ti 


-f- Tj log# 


Ti 
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Fig. 480. 


t; 



This equation may be ^ised to find the dryness 
of steam after adiabatic expansion has taken 
place from Ti to Tj, and also to find the volume 
of the steam after expansion. 

Substituting the numbers given in the ques- 
tion, we have — 


O'. - 


819-3 

861-2 

819B 

861-2 

^ 9*3 

861-2 


/857;4 82#4\ 

\ 824-4+ 819-3; 

f + + 0-005987 ] 
V 824-4 J 

(1-040 + 0-005987) 


Q-IQ.O 

= 3^^1(1-0459) = 0-9954 


Steam present after expansion = 0-9954 x 3-01 = 2 995 cub. ft. 

In a steam-turbine, if the steam exi)and adiabatically without doing external 
work, all the energy is converted into vdocity. Taking the above case — 


(.r jLi — "h tn) 

778(857-4 - 0-9954 x 861-2 -f 5*4) 

V64-4 X 5-6 X 778 
529-7 ft. per second 

18. Find an expression for the Kankine or Clausius thermal efficiency for a 
steam-engine receiving saturated steam at the stop-valve temperature T„ and 
exhausting at Tp. Sketch an ontropy-temijeraturc diagram, and show by means of 
areas how this efficiency may be graj^hically represented upon it. (Inst. C.E., 
Oct., 1901.) 

19. Describe the Clausius- Kankine cycle commonly employed as a standard of 
efficiency in stoam-engiiios, and obtain an c(iuation for the useful work done per 
p'ound of steam in an engine working with this cycle. (Inst. C.E., Oct., 1898.) 

20 . A steam electric generator on three long trials, each with a different point 
of cut-off on steady load, is found to use the following amounts of power 


Loss of energy = 
This = 

64-4 “ 

V — 


Pounds of steam per hour 4020 

Indicated horse-power . . 210 

Kilowatts produced . . . 114 


6650 

480 

290 


10,800 

706 

435 


Find the indicated horse-power and the weight of steam used per hour when 
830 kilowatts are being produced. 

Find in the four cases the amounts of steam used per Board of Trade unit (that 
is, per kilowatt-hour). 

In what way does regulation by varying cut-off differ as to economy of steam 
under varying load factors, from regulation by varying the pressure, letting the 
cut-off remain constant? (Bd. of Ed., Stage 111., KK)1.) 

Jws. 545 I.H.Ik ; 7590 lbs. of steam ; 85-26 lbs. ; 22-93 lbs. ; 24-93 lbs, : 

22-97 Ihs. 

21 . Answer only one of the following (a) or (h ) ; — 

(a) Find the algebraic formula in common use for the effective pressure in 
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a cylinder, taking* the u^ual hypothetical indicator diagram; expansion law, 
“ constant.” Take two cases; when n = 1 and when n has any other value. 
Take initial pressure as joi, hack pressure as 

(6) If it be taken th^ 1 lb. cl water receives 1 unit of heat for every degree of 
rise of temperature, find the entropy of 1 lb. of water at any temperature. Now 
write out in terms of the temperature, the entropy of 1 lb. of stuff which is 
10 per cent, water, 90 per cent, steem. (Bd. of Ed., Stage 1908.) 

22 . Kankine cycle, perfect team-engine, with dry stcL.in at ii expanded 
adiabatjoally to . find a formula for the work dono per pound of steam. How 
do we find answer graphically? '{Bd. of Ed., Kens., 1899.) 

28. A perfect steam-engine. Rankine cyclf-; g'ven the higher and lowci tompo- 
ratures and initial wetness or mount of superheating. Using a t4> diagram, shew 
how you would fi^d the work dom per pound of stuif. If the stuff is released 
before the end of the expansion, show the amount of lessening of work done. 
(Bd. of Ed., Stage ill., 1899 ) 

24 . A pound of water at 0” C- is heated as water to 160° C., and then converted 
into wet steam at the same temperature, with {p — 69'23 lbs. per square inch, 
6*168 cub. ft per pound) 20 per cent, of water in it. ' Find its intrinsic energy 
and its entropy. (Bd. of Ed., Stage II., 1890.) 

Ans. intrinsic energy ~ 923*6 B.T.U. or 516° C. ; entropy = 1'3837* 
26 . Using the fcllowing information, draw a 9(f> diagram fur water and steam *. — 



P- 

' Entropy of 

J 1 lb. of wat'^r. 

Eiitiopy of 

1 lb. of steam. 

V'olume in cul^o 
feet of 1 lb. of 
steam. 

1(X)° 1 

14*7 

i 0*313 

1*749 

26*43 

150° 

69*2 

0*441 

1*623 

j 6*168 

200° 1 

226 

I 0*556 

1*536 1 

1 2*031 


State the amount of heat that is roprosontod by 1 sq, in. of area of your diagram. 
Ill the expansion of 1 lb. of stuff the following pressures and volumes are given * 


P 

V 


220 

69*2 

14*7 


1 1*70 

5*56 

26*1 



Mark these three points on the 9<p diagram. How much boat is given to the 
stuff during this expansion? (Bd. of Ed., Stage III., 1905.) 

Ans. 13*2 pound-Contigrade units. 

26 . Wh.tfc do you understand by the terms “ wet steam ” ; “ dry saturated 
steam ” ; “ .superheated steam ” ? Calculate the quantity of heat to form 1 lb. 
of steam at 100 lbs. per square inch (temperature, 161° C.) from water at 30° C. : — 
(a) when its dryness factor is 0*9 ; 

{b) when it is dry and saturated ; 

(c) when it is superheated at constant pressure to 300° C., assuming the 
mean specific heat to be 0 526. 

Mark on the temperature-entropy diagram the point corresponding to 1 lb. 
of steam with a dryness factoy of 0*9, and cross-hatch the area representing the 
heat added after the water passes the temperature 70° C. 

(Bd. of Ed., 1914, Lower.) 

Answer . — The formula! for the total heat and latent heat of 1 lb. of steam 
in pound-Centigrade units are — 

Total heat = 606-5 + 0*305t° (saturated steam) 

Latent heat = 606*5 — 0*695i° 

Total heat = 606*5 -f- 0*305i® -f — t) (superheated steam) 
where t == temperature of the steam corresponding to the pressure, and U is the 

2i 



QUESriOA^S WITH SOLUTIONS. 


48:2 


actual temperature of the steam. The numerical ans’wers are ; wet steam, 577*2 
dry steam, 626*5 C.H.U. ; superheated steam, 697*9 C.H.U. 

37* Pry steam a pressure of 165 lbs. per square Inch absolute, expands 
aiiaba^caliy to a pressure of 15 lbs. per square inch alfsolute. Find from the 
temperature-entropy chart the dryness of the steam after expansion and the work 
done per pound of steam, assuming the Rankine cycle is followed between these 
limits of pressure. If the expansion can be represented by the equation PV'* = 
constant, 'find the value of n for adiabatic expansion. (London B.So., 1911.) 

Ansioer. — The dryness after expansion from the t — <l> chart = 0*868 

Work per pound of steam = lljlpOO ft.-lbs. 

To find the index n select two points on the expansion line, and note the 
pressure and volume at each point. 


Pi 1 = 160 lbs. ; Vi = 2 83 cub. ft. 
Vo = 20 ; P 2 = 17*4 lbs. 

/. 160 X 2*83'* = 17*4 X 20’^ 


Taking logs, 
and 


_ Jog 160 - log 17*4 _ 2 204 - 1*2045 
“ log 20 - log 2-83 “ 1*3010 - 0-4518 
n = 1*134 


28 . Define entropy, and prove that the change in the entropy (j> when water is 
raised in temperature from T.^ to Tj and then completely evaporated is expressed 
by— 

^ 1 Ti ^Li 

- log,- 


Calculate the change in the value of </> when water at 72® P. (40'* C.) is revised to 
392® F. (200® C.) and evaporated; L = 841*5 B.Th.U. (467*5 C.II.C.). (SbefE. 
IJniv.) Ans. Increase of entropy 1*459. 

29. Steam 10 per cent, wot, at a pressure of 105 lbs. per square inch absolute, 
is expanded adiabatically to 20 lbs. per square inch absolute. Find the wetness 
at the end of expansion, and find the weight of steam condensed per pound of 
steam used. Find also the heat per pound contained in the steam after ex- 
pansion. Use the following dataj— 


l‘rc'8,. U« i.cr.q. ill. Tcmp.“K. 


Entiopy of I lb. of 
water. 


J otal entropy (;f 1 lb. 
oi steam. 


105 

20 


331 

227*8 


0*480 

0*337 


1*605 

1*735 


(Shoff. Univ., 1914.) 

Ans. Wetness after expansion = 17*38 per cent. ; weight of stoam con- 
densed per pound — 0*074 lb. ; heat in stoam after expansion = 990*3 
B.Th.U, 

80. In a jacketei stoam-ongino 20 per cent of the steam admitted to the 
cylindrer is initially condensed ; and during the expansion process one half of 
the boat transmitted to the cylinder walls is returned to the steam in the cylinder 
at a uniform rate as the temperature falls. Find the dryness fraction at release. 

Initial pressure (absolute) 150 lbs. sq. inch. 

Initial temperature 358*5° F. (181*4® C.). 

Itelease pressure (absolute) 40 lbs. sq. inch. 

Release temperature 267*3® F. (130*4® C.). 

Illustrate your answer by showing what takes place on an e?itropy-tGmperaturo 
diagram. (London B.Sc. Eng., 1913.) Ans. 84*2 per cent. 

31. One pound of wot steam expands from an initial pressure of 100 lbs. per 
square inch absolute to a pressure of 30 lbs. “pcir square inch absolute, at which 
pressure it is found to be dry and saturated. Find the quantity of heat received 



QUESTIONS WITH SOLUTIONS. 483 

• 

or rejected during expansion, assuming that the equation to the expansion oincvo 
is PV = a constant ; and find the initial dryness fraction of the steam. (Bd, of 
Ed., Higher, 1913.) • • ♦ 

Ans. Dryness l^eforo expansion = 92*9 per cent. , heat added = IBS B.Th.U. 
per pound. 

82. Use the temperature-entropy dis^rem to find to what temperature steam 
must bo superheated so that after adiabatic expan*'ion from 50 lbs. per square 
inch absolute to 10 lbs. per square inch absolute the steam shall be dry and 
saturated. Mnd the increase in the efficiency of a Kankine engine using steam 
in this way (Rtamely, by superheating to just, the extent required to cause the 
steam to be dry at the end of expansion) compared with a second Bankinc engine 
working between the same limits of pressure but with no superheating, co that 
the steam is dry and saturated when expansion begins. (Bd. of Ed., Higher, 1913.) 
Ans. Temporal nre before expansion, 467'’ E. ; efficiency of liankine 
cycle (i) with saturated steam, 11-53 per cent., (ii) with superheated 
steam, 12-35 per cent. 


IV. THE ailDE VALVE. 

1. Prove the correctness of the Zouncr valve diagram. 

A valve has an outside lap of 1 in., inside lap of 0*3 in. It is worked by a 
gear, giving in two positions the following values of the half- travel and advance : — 


Half-travel 3-12" 2-12' 

Advance . 30° 51° 


Find the two probable indicator diagrams, neglecting shortness of connecting- 
rod. Take any initial and back pressures you please. (Bd. of Ed., Stage 11., 1900.) 

rroof.— hoi 0(3 (Fig. 481) bo any position of the crank making an angle a with 
tlie centreline of the engine. Let OE bo the position of tlio eccentric at the same 
instant, and be made equal to half the valve-travel. If EF bo drawn at right angles 
to the centre line, OF is the travel of the valve from its in hi -position, neglecting 
the anguhn-ity of the ecotmtric rod. Draw OD perpendicular to OC ; tlien EOD is 
tlie nnglc of advance. In the Zeuner diagram, draw AB equal to half the travel of 
the \alve and making an angle 6 equal to angle of advance with AM. Let AH bo 
the po dtion of the crank, making an angle a with the centre line, and cutting the 
small circle in G. It is required to prove AG = OF. 

a + 0 + angle EOF = 90° 
a 4- 0 “h angle GAB 90° 

angle EOF — angle GAB / { / 

Also angle FIX) = angle A (3 B, both f 
being right angles I 

and OE = AB \ / 

/. the triangles EFO and AGB are \ / 

equal \ 

AG — - OF -• travel of the valve Fig. 481. 

from its mid-position when the 

crank makes an angle o with the centre line 

2. Having given the laps and the travel of a slide-valve and the angular advance 
of the occe ntric, show how to find the position of the piston for each event in the 
steam distribution in both strokes, the ratio of length between the connecting-rod 
and crank being known. (Inst. C.IA, Feb., 1898.) 

3. The length of a crank is 14 in., the slide-valve has half-travel of 2J In., its 

lap is in., and its lead J in. At what distance from the end of the stroke 
will the piston be when the steam is cut off if the obliquity of the connecting- 
rod is neglected ? Prove that the Zeuner diagram gives correct answers when the 
motions are simple harmonic. (Inst. C.E., Feb., 1899.) Ans. 11*2 in. 
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4. Describe with sketches a piston slide-valve, showing its seat and the cylinder 
ports. (Bd. of Ed., Stage II., 1900») 

B. l^how the position of a slide-valve at the beginning of the stroke of an engine. 
A slide-valve has half-travel 2*10 in., adi^anco 40°, lap 1 in., inside lap 0*3 in. : draw 
a possible indicator diagram. Prove your valve diagram to be correct. (Bd. of 
Ed., Stage IT., 1901.) Am. Cut-off, 0*68; lead, in. 

6 . Sketch a simple slide-valve, showing cylinder ports and no more of the 
cylinder ; show the valve in its mid-position. Show in dotted lines the position 
of the valve when the piston has just begun its stroke. What wo moan by 
outside lap of a valve, inside lap, advance, and half-travel? The half-travel is 
8*86 in., advance 42°. What simple diagram enables us to find tliO distance of 
the valve from its mid-stroke for any position of the main crank ? Provo it correct. 

Having such a diagram, we obtain the 0 })cnings of the port to steam or exhaust 
by subtracting the outside or inside laj). explain how this occurs. (Bd. of Ed., 
Stage HI., 1008.) 

7. Given the travel and advance of a valve, show how we find gra])hically, for 
any position of the main crank, the distance of the valve from the middle of its 
stroke. Prove your method to be correct. (Bd. of ICd., Stage 11., 1904.) 

8 . A slide-valve has a half-travel of H in., and its advaneo is 6£)°. !Mako a 
diagram showing the position of tlio valve for any position of the main crank of 
the engine. Prove yourself correct. (Bd. of Ed., Stage 11., 1905.) 

9 . Prove the truth of the Zeuner method of showing the. displaeement of a slide- 
\alvo for any position of the crank. Half-travel 2 in., advance 80°, lap '{ in., inside 
lap 0*2 in.: draw the iirobablc indicator diagram, using any initial and bade 
pressures you please. ISIeasurti and write down the positions of the point of cut-ofi 
and of the commencement of the exhaust and compression. (Bd. of Ed., 1899.) 

Am. Cut-off , 0*805 ; exhaust, 0*95 ; compression, 0*91 . 

10 . Make a sketch of a Stephenson link motion, and say what are its advantages 
and disadvantages. 

Show by the ZcuiK'r diagram how the i>oints of admission, cut-off, exhaust, and 
compression are affected by uotehing up the link. 

11 . In a Meyer valve gear the travel of the main valve is 4 in., and the 
angle of advance 22^°. The travel of the expansion valve is 4 in., and 'the 
angle of advance is 90°. Eindihe distances from the edge of the expansion valve 
to the edge of the main valve to cut off the steam at 0*2 and 0*5 of tlie stroke. 

Ans. At 0*2, distance = £ in. ; at 0*5, IJ in. 

12 . Find the distance from the edge of the expansion valve to the edge of the 

main valve to cut off steam at 0*4 of the stroke. Travel of expansion valve 4 in., 
and advance 90° ; travel of main valve 34 in., ad\ aiicc 80°. Find lap of main valve 
to cut off at 0*8 of the stroke. Jus. Distance, in. ; lap, |Jin. 

13 . Sketch the steam-chest and cylinder ports of an engine fitted with Meyer’s 
variable expansion valves and gear, placing the valves in their central position. 
Explain clearly how tlio valves are worked, and how the cut-off is varied. 

In an engine fitted with Moyer’s adjustable expansion valves, the eccentric for 
the main valve is set with an angle of advance of 25°, and the eccentric for the 
'^wiablo expansion valve or plates is .set with an angle of 82°. Both eccentrics 
have a throw of in. and the main valve has in. outside lead. What is the 
position of the piston hs measured from the commencement of it.s forward stroke 
when the main valve opens for steam, the full stroke of the engine being 86 
in. ? Determine also, by incams of the Zrurier diagram, the distance the 
piston has travelled from the commencement of its stroke when the expansion 
valve, as set to its highest grade of expansion, cuts off steam ; and liow much 
would the expansion plates require to be moved in order to cut off steam at 0*6 of 
the stroke of the piston ? (Bd. of Ed., Honn., 1897.) 

Ans. (1) in. ; (2) 3^ in. ; (3) IJ in. 

14 . What are the advantages of a multiple-ported slide-valve ? Sketch a double- 
ported valve, and explain the use of the relief or equilibrium ring. 

15. Sketch and describe the piston valve, and state under what circumstances 
it is used. 

16. The outside lap of a valve is If in., the lead is ^ in., and the greatest 

opening for steam is in. What is the travel of the valve. Ans. in. 
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17 . Draw a Zeulier valvo diagiaux for a valra having J-in. lap, J-in. lead, 
negative lap, and mark the points of admission, cut-off, release, and compression 
for a 3-in. travel and a 2-in. travl of the val/e respectively. 

18. The outside lap of a slide-valve is ^ in., the Lial \ in., and the maximum 
opening of the storm port fo"* tlie adiMssion of steani is in. Find the 
eccentricity and the angle of ad'^^ance of the eccentric. Give such sketches as 
will show the crank and crank-shafi with the eccentric fiivoU in correct relative 
position for forward running ; inaicate on the sketch the eccentricity and angle 
of advance as found above. 

19. A valvw has a half-travel of 3 in., advance 35", lap IJ in., inside lap 
} in. Draw a possible indicator diagram. Drove your vrlve diagram to bd 
correct. (Bd. of Ed., 1902.) 

20. What is meant by the '‘angle of adva,iice ” of an eccentric? How would 
you find the angle (/ adVarx^e, having given the lap and lead of a valve 

21. Provo the truth of the Zenner method of showing the displacement of a 
slide-valve for any position of the crank. 

Half-travel 2 in., advaTice 30", lap 0 75 in., inside lap 0*2 in. : dravr the 
probable indicator diagram, using any initial and back prcpsuins you please. 
Measure and write down the positions of the point of cut-off, and of the coni- 
menceniont of exhaust and of cc-mprossion (Bd. of Ed., Stage II., 1809.) 

Ans, Cut-off, 0*8 in. ; exhaust, 0-95 in. ; compression, 0'91 in. 

22. A horizontal engine is fitted with the ordinary slide-valve and a single 
eccentric giving a fixed cut-off at, say, three-quarters of the stroke. State clearly 
and show by sketches the alterations in the parts that would be necessary in 
order that the cat-off should be altered so as to take place at two-fifths of the 
stroke. (Bd. of Ed., Stage II., 1899.) 

23. Sketch a piston valve in its mid-position, showing both the valve and the 
steam ports iu section. Steam is to he admitted on the inside of the valve. The 
valve is« assumed to ho driven by a simple eccentric gear. Find the angular 
advance, the eccentric radius, and the steam lap, so that cut-off may take jdace 
at (JO per cent, of the stroko, tliat the maximum opening for steam is 2", and that 
the lead is J'k Neglect the obliquity of the connecting rod. (Bd. of Ed., 1912.) 

Anffwer. — The angle of advance is 220^', or the eccentric is 220 -f 90" ahead of 
the crank ; eccentric radius, 5*28 iu. ; steam lap, 3'28 in. 


Walschaert Valve Gear, 

TId''. is a radial valve gear and is similar in principle to the Joy, Haokworth, 
and other nidial gears. Jiadial valve gear.s like link motions allow of ready 
reversal and chaiigt3 of cut-off i)oint. This gear is largely used iu locoiuotives. 

Fig. 482 illustrates the principle of the gear. A lever VB has one end B con- 
nected to the crosshead by a link AB, the other end V being connected to the 
valvo. A point h' between B and F is connected to a link El) which oscillates 
about a centre G. The oscillation of the link is produced by a small crank 0(5 
and rod Cl>'. '^Phe position of the block K in the link can be readily changed by 
the rod H and the lovers shown. When R is raised above the centre G of the 
link, the engine is rever>ed. 

Radial valve gears may lie considered to consis-, of two cranks atfacbed to a 
lever by connecting rods, one point in the lever being connected to the valve rod. 
One of the cranks always makes 90" with the engine crank, and the other crank is 
always cither 0" or 180" ahead of the engine crank. In the Walschaert gear 
the 180 degree crank is obtained by placing the point V beyond the point F, so 
that the point V always moves in the opposite direction to the crosshead, if F is 
considered as a fixed point. The 90" crank is obtained by placing an eccentric 
or some equivalent device at an angle of 90" with the engine crank. The lever 
VFB thus has the lower end B controlled by a 180° crank and another point 
F controlled by a 90 ' crank. The point V, which moves the valve, is placed 
beyond F. 

The gear may be first examined by considering the block R to be in the centre 
of the link ; theu the oscillation of the link by the 90° crank will not move either 



4«6 QUESTIONS WITH SOLUTIONS. 

the block K or the point P. Thus the motion of V will flepend only on the 
movement of the croashead and the ratio of VP to PB. The point F is selected 
so that the half- travel given to F is ’^eqnal to the sum o(, the lap and the lead. 
When the crank is on a dead centre, the point E will be in its extreme position, 
and assuming the block R is in the centre of the link, then the point V will have 
moved the valve a distance equal to the lap and the lead from its mid-position, 
and the port will be open an amount equal to the lead. 

When the crank is on a dead centre, the 90° crank will be vertical and the link 
will also be vertical and be in its mid-position. As the radius of the link ED 



is equal to PR, the block R may be moved from one end of the link to the other 
without changing the position of the point F or the point V. Hence for all 
positions of the block in the link the valve is in the same position when the 
crank is on a dead centre, or the lead is constant. 

The movement given to the block R by the 90° crank depends upon the radius 
00 and the ratio of OR to GD. Considering B to bo stationary, the movement 

of the point V is greater than the movement of R by the ratio 

, FB 

An equivalent eccentric and its angle of advance may be obtained which will 
give to the valve a similar motion to that given by the gear for any position of 
the block in the link. Either a graphical construction or a formula may be used 
to find the equivalent eccentric and its angle of advance. 

A first approximation may be obtained by neglecting the obliquity of the 
connecting rod and eccentric rod, and considering the motion to be simple 
harmonic motion. 

Let the engine crank move through an angle 0, measured fiwm the dead centre 
position ; then the displacement of the crosshoad and of the point B from their 
central poskions is r, cos 0 where r, is the length of the engine crank. The 
displacement of V from its central position due to the 180° crank will there- 
VF VP 

fore be cos 0 = A cos 0, whore A = 

Again, the displacement of D from its central position duo to the movement of 
the 90° crank is sin 0 where is the radius of the 90° crank. The displacement 

of R from its central position will bo ^r., sin 0. The displacement of V from 

its central position will be Y-? . sin 9 = B sin 9, whore B = X? 

(jriJ " GD * 

Hence the total displacement of the valve from its central position 
= ^. = A cos 0 + B sin 0. 
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dt! 

The value of y is a maximum wbeu ~ 0. 

/. differentiating and e<iuating to zero — 

— A sin -f B cos fl := 0 

B 

and tan 6 = r 
A 

/. angle of advance = 90 - (see Fig. 483): 
The 180° crank is =e A, and ^he 90° crant = B 
/, the equivalent eccentric = OB = 
from which it will also be seen (Fig. 48^) that cotan 




The value A of the 180° crank is fixed in this gear, ^q 3 

but the value of B may be altered by moving the block 

R in the link. As B is reduced in value, it can be seen (Fig. 484) that the 
angle of advance <f> of the equivalent eccentric becomes greater. When B — 0, 
that is, the block, is in the centre of the link, <p := 90°. When the block R is 
moved above the central position, B becomes negative and the 
engine is reversed. 

The advantages claimed for this gear are— 

1. Good and uniform distribution of steam at various cut- 
offs and on both sides of the piston. 

2. Sintple and easily repaired mechanism. 

3. Very convenient when the valves aro on the top or under- 
neath the cylinder. 

24. Make an outline sketch of either a link motion or a 
radial valve gear. State briefly the special advantages of the Fig. 484. 
typo selected. (Inst. M.E., April, 1914.) 

25, Sketch in outline the Walschaort valve gear as used in locomotives. In 
the Walschaert gear a lever ABC is used. The lower end A of the lover receive 
its motion from the crosshoad and 



moves a horizontal distance of 12 in. 
The upper end C worl;s the slide valve. 
The point B between A and G receives 
its motion from the curved link. The 
curved link oscillates IG degrees on 
each side of its moan position, and 
the block which slides in the link is 
3 in. from its central position. Find 
the eccentricity of a single eccentric 
and its angle of advance which would 
give the same motion to the valve as 
is obtained by the gear. 

Ratio AB : BC : : 8 : 1. 

(Sheff. Univ.) 

Ans. Eccentricity 1-25, in. ; 
» angle of advance, 38°. 

Valve Diagram Problems. 

Problem 1. — Given the point of cut- 
off, the angle of lead, and the greatest 
opening to steam, find the steam lap, 



Fig. 485. 


angle of advance, and the travel of the valve. 

Draw any circle, ACF (Fig. 485), and find the position of the orank HD at 
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cut-off by selecting tbe point E so that is the fraction of the stroke at which 

cut-off takes place. Draw ED perpendicular to AF to mbet the circle ACB at D. 
Draw HG making the angle GHF = angle of lead. Bisect the angle DHG by 
HK and join DG, which will be perpendicular to HK. 

Then HM is to MK in the proportion of the required lap to the port opening, 
and the determination of the lap is a matter of pimple proportion. Draw KL 
making any angle with HK and make KN = the given greatest port opening. 
Join MN and draw HR parallel to MN. Then CHK is the required angle of 
advance ; KR is the half-travel of the valve, and RN the steam lap. 

2Q* Cut-off takes place at of the stroke; greatest opening to steam is in. ; 
angle of load, 4°. Find the angle of advance, steam lap, and travel of the valve. 

Avs. Travel, 6 2 in. ; lap, 1’86 in. ; angle of advance, 41°. 
Frohkm 2.~ Given tbe point of cut-off, the lead of the valve and the greatest 
opening to steam, find the angle of advance, the travel of the valve, and the 
steam lap. 

Draw any circle ACB and find the crank position HD at cut-off as in Prchlcm 
1. Draw GK parallel to AF, and at a distance frem it equal to the given lead. 
With centre H draw an arc of a circle MN with a radius = given greatest opening 
to steam. Fir d a circle having a centre L to touch the arc MN and the lines 
HD and GK. The centre L is found by trial. 



Then HL = the half-travel of the valve, LR := lap, and the angle LHA = the 
angle of advance. 

27. A slide valve cuts off at 0 80 of the stroke. The lead is J in. and the 
greatest opening to steam 1^^ in. Find the angle of advance, the half -travel, and 
the steam lap. 

ilns. Anglo of advance, ; half-travel, 6’2 in. ; steam lap, 1*1 in. 

Problem 8.^ — Given the point of cut-off, steam lap, and lead, find the travel 
of the valve and the angle of advance. 

Draw any circle ACB (Fig. 487), and find the crank position HD at cut-off as 
in Problem 1. Make HG = lap -i~ lead, and HK = lap. Bisect HK at L, and 
HG at M. Erect perpendiculars from L and M to meet at N. Then the angle 
CHN is the angle of advance. HN is the quarter-travel of the valve. The 
steam circle of the Zeuner valve diagram may Ikj drawn with centre N and radius 
HN. 

28. The lap of a valve is 1 in. ; cut-off takes place at I of the stroke ; lead, 
J inch. Find the travel of the valve and the angle of advance. 

Ans, Travel of valve, 3*46 in. ; angle of advance, 40°, 
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Problem, 4:.~ro show the efteot of the length of the ccnneoting rod on the out- 
off, assuming equal lead at both chds of the stroke. 

Assuming the valve diagram tj be drawn in the usual manner then, neglecting 
the length of the connecting rod, HD (Fig. 188) repres mts the ciAnk position 

when cut-of! takes place, and the 

Ac 

fraction of the stroke at which cut- 
off takes place on both sides of the 
piston. 

To find the actual positiciis of the 
piston at out-off, produce DH to K ; 
t,hen with a connecting rod riay four 
cranks long, draw arcs of circles DO 
and KM with radii equal to four times 
HD. Then the fraction of stroke at t 
which cut-off takes place on the in- ^ 

FG 

stroke is r-r-., and on the outstroke 
AF 

AM 

Ah’-* 

Similarly, the positions of the piston 
when release, compression, and ad- 
mission commence, may be shown for 
both the inward and outward stroke Ftc. 4S8. 

of the piston. 

29. The travel of a slide valve is 4 in. ; steam lap, J in. , angle of advance, 
30®. Find the point of (uit-off on botJi sides of the pl.-^ton if the connecting rod 
is four clanks long. Ans. Instroke, 0-76 ; outstroke, 0*82. 

80. A piston valve distril)utes steam to a cylinder by inside admission. Cut- 
off is to take place at 70 per cent, of the stroke. The maximum opening of the 
steam port during admission is to be 2 in., and the lead is to be J in. 
Kelease is to take place at 97 per cent, of the stroke. Find the steam lap, the 
exhaust lap, the radius of the eccentric sheave and the angular advance, neglect- 
ing the effect of the obliquity of the connecting rod. 

Sketch, to a suitable scale, the valve in its central position over the ports, 
using the following dimensions Steam ports, 3 in. wide; distance between 
the inner edges of the ports, 15 in.: width of central port, 8 in. Sketch 
also an end view of the crank-shaft, showing the centre line of the main crank, 
the centre line of the eccentric sheavd radius, and mark on the sketch the angle 
between them. (Bd. of h-d., 1914, Higher.) 

Ans. Steam lap, 2i in, ; exhaust lap, Ir;!, in. The eccentric for a valve having 
inside admission is set diametrically opposite to its position with outside 
admission. Jt 6 is the angle of advance for outside admission, then tiie centre 
line of the eccentric is helimd the crank an angle of 90®— 0. 

Fig. 489 shows the relative positions of the crank and the 
eccentric. 

31. The main valve of a Moyer valve gear travels 4 in., 
the angle of advance being .'KP; the expansion valve travels 
41 in., the angle of advance lieing 90®. Find the distance 
from the edge of the expansion valve to tlie outside edge of 
the steam port in the main valve, so as to cut off at 0*45 
of the stroke. Prove your consiructioii. (Sheffield Univ.) Fig. 489. 

Ans. I’Gl in. 

The Meyer valve and the construction of the Meyer valve diagram is 
explained on p. 84, 

Proof of Meyci Valve Piagram..~lj&t OR (Fig. 490) bo the half-travel of the 
main valve, and the angle XOE the angle of advance of the main valve occootric. 
Let OR' be the half-travel of the expansion valve, and the angle XOE' the angle 
of advance of the expansion valve eccentric. Describe circles on OE and OE' as 
diameters. Let OP be any position of the crank, then OB is the ti avel of the 
main valve from its central position, and OA is the travel of the expansion valve 
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from its central position (see proof of Zettner valve diagram, p. 483). Therefore 
AB is the relative travel of the valves 

Join HE' and draw 00 equal and parallel to EE'. Describe a circle on EE' as 
diameter, thhn the chord OD is the relative travel of the valves for the crank 
position OP, and is equal to AB. 



Fig. 490. ^ 

Join CD, BE, BE'. The angles at CDO, E'AO and EBO are right angles, 
being angles in a semicircle. Hence OD = AB, as they are the projections of 
equal and parallel lines OC and EE' on OP. 


V. THE INDICATOR. 


1. Steam enters a cylinder at the absolute pressure 120 lbs. per square inch, and 
expands according to the law “pv constant.” Neglect clearance and cushioning, 
and use the ordinary hypothetical diagram. Constant back pressure, 27 lbs. per 
square inch. 

Take the following values of the cut-off : half stroke, quarter stroke, eighth of 
stroke. Find in each case the effective pressure. The area of the piston is 
1 sq. ft.; stroke, 2 ft. What is the work done per stroke? How many 
cubic feet of indicated steam are used per stroke ? What is the work done per 
cubic foot of steam entering the cylinder? Tabulate your answers. (Bd. of 
Ed., Stage 11., 190.S.) 

An^. M.o.p. 74*586, 44*589, 19*191 ; work per stroke in foot-lbs. 21,480, 12,841 , 
6527 ; work per cubic foot, in foot-lbs. 21,480, 25,683, 22,108. 

2. If the effective pressure in a steam-engine cylinder is taken to be (assuming 
no clearance or cushioning) — 


1 

Pi 


r 


-Pa 


where jp, is the initial pressure, the back pressure, and r the ratio of cut-off, 
write out the work done in one stroke and the cubic feet of steam admitted for 
one stroke, and so find w, the work done per cubic foot of steam. If p^ = 120, 
= 17, calculate w for some valuea of r, and plot on squared paper or in any 
other way you please ; find r to give a maximum w. (Bd. of Ed., Stage II., 1904.) 

Ans. r = 7*06. 

8. Steam enters a cylipder at 160 lbs. (absolute) per square inch. It is cut off 
at one-fourth of the stroke, and expands according to the law “pt? constant.” 
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Find the average pressure (absolute)^in the forward stroke, If the back pressure 
is 17 lbs. (absolute) per square inch, what is the average effective pressure ? If 
the area of the cross-a<)ction 0 ^ the cylinder is 12G s^. in., and the crank is 
11 in. long, what work is done in one r^troke ? Neglecting clearance and 
condensation, what* volume of steam enters the cylinder per 'Stroke? 

If the admitted 'steam has a volume of 3 cub. ft. to the pound, what is the 
weight of steam admitted per stroke ? Whr.t v k is done per pound cf steam ? 
(Bd. of Ed., Stage II., 1901.) 

Ans. 89-48 ; 72-48 ; 16,740 foot-lbs. ; 0*401 cpb. ft. ; 0-131 lb. ; 124,925 
fodt-lbs. 

4 . Take a hypothetical indicator ^agram— no clearance, constant back 
pressure 17 lbs. ppr square ineb. Ttot friction ot engine ho represented by 10 lbs. 
per square inch on the piston. Expansion law pv constant ; cut-off at one-third 
of the stroke ; area of tlje piston. 100 sq. in. : orp,nk 1 ft. ; 200 working 
strokes per minute. Steam of tbi. following initial pressures being admitted, find 
in each case the orank-shafi. horse-power, and the weight of indicated steam per 
hour. Tabulate the results, and plot upon squared paper. The following 
information is given : — 


Absolute pressure of admitted steam,! 

pounds per square inch . . . j 

Cubic feet of 1 lb. of admitted steam 

50 

8-34 

100 

4-356 

150 

2-978 

(Rd. of Ed., Stage III., 1901.) 

Ans . — 




• 




Pressure of steam admitted . . . 

60 

100 

160 

Horse-power 

9-GG 

. 52-04 

94-41 

Weight of steam indicated in pounds 

GGC-1 

1276 

18C5 


5. Steam is admitted to the cylinder of a double-acting engine at 80 lbs. per 

square inch. The back pressure is 17 lbs. per sqqare inch. The friction of the 
engine may be taken to be represented by a back pressure of 8 lbs. per square 
inch on the piston. Find the cut-off to give maximum actual work per cubic 
foot ot steam, taking “jfjv constant” as the law of expansion. Neglect clear- 
ance, cushioning, and condensation. If yon use a formula for the average pressure, 
prove it correct. (Bd. of Ed., Stage III., 1900.) Ans. 

6. Initial pressure of steam, 180 lbs. per square inch ; back pressure, 17 lbs. jier 
square inch • cut-off at one-third of the stroke; area of piston, 112 sq. in.; and 
length of crank, 1 ft. : what work is done in one stroke ? What is the weight 
of steam used in one stroke if the volume of 1 lb. of the steam is 2-61 cub. ft. ? 
If theie arc 200 strokes per minute, what is the indicated liorse-powor, and what 
weight of steam is used per hour, neglecting clearance, condensation, apd 
leakage? (Bd. ot Ed., Stage II., 19(X).) 

A 71 S. 24,897 foot-lbs. ; 0-206 lb. ; 2472 lbs. per hour. 

7 . Assuming no clearance ; cut-off at one-third of the stroke ; expansion 
according to the law “jpv constant”; what is the moan forward pressure as a 
fraction of the initial pressure? If the cross-section of the cyliinlor is 144 sq. 
in., length of stroke 2 ft., what volume of steam is used per stroke ? If the back 
pressure is 17 lbs. per square inch, and there are 200 strokes per minute, find in 
the following two cases the indicated horse-power and the weight of steam used 
per hour. Neglect clearance, condensation, and leakage. 


Initial pressure in pounds per square inch l.SO 100 

Volume in cubic feet of initial-pressure steam per pound 2*61 4*366 
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Use squared paper to show the weight of steam per hour used by the engine at 
any powor. (Bd. of Ed., Stage III., lOOO.) 

8 In (question (7), with initial pressure 180, find the mean forward pre^^sure 
during a stroke. Neglecting the shortness of the cofinecting-rod, find the 
pressure when the crank makes angles of 0°, 15°, 3h°, etc., with its dead point, 
and find the average of these. A simple new indicator measures this last, which 
is a time average, in-stead of the true or space average : what is its percentage 
error? (Bd. of Ed., Stage III., 1900.) 

0. Calculate the number of foot-pounds of work done per cubic foot of steam 
at a pressure of 120 lbs. per square inch (absolute) when expanded four times and 
exhausted against a back pressure of 3 lbs. per square inch (absolute) in a non- 
conducting cylinder having a clearance of 5 per cent, of the working volume. 
(The cubic foot includes the clearance volume.) You may assume hyperbolic ex- 
pansion, and that there is no compression, and, further, that release takes place 
at the end of the stroke. (Inst. C.E., Oct., 1901.) Arts. 36,053 foot-lbs. 

10 . Use the common hypothetic indicator diagram; expansion curve con- 
stant; ” no clearance or cushioning. 

A piston is 1 sq. ft. in area, stroke 2 ft., 200 strokes per minute ; find the 
indicated horse-power if the initial pressure of the steam is 120 lbs. per square inch. 
Take two cases, one in which the cut-off is at half-stroke, the other in which the 
cut-off is at one-fifth of the stroke. This steam is initially 3’67 cub. ft. per pound : 
find in each case the weight of steam used per hour. 

It has been found by observation that in the factory driven by the engine the 
number of yards of stuff made per hour is 7*81 - 320, whete I is the indicated 
horse-power. Find the number of yards for each of your two cases. Tabulate 
your answers. State also the number of yards per pound of steam in each of the 
cases. (Bd. of Ed., Stage 111., 1903.) ^ 

Ans , — 


Mean pressure 

I.lf.P. 

Steam per 
hour. 

Yards per 
hour. 

Yai’ds per pound 
of steam. 

101*58 

1 177*3 

3270 

1 1063 

0*3251 

62'616 

lOO*"^ 

' ^ i 

1308 

1 

532*3 

0*4070 


11. Describe the construction of an indicator and how it is used. Give a sketch 
of a specimen indicator diagram from a steam, gas, or oil engine, and describe 
what each part means. 

What sort of information is given to us by an indicator diagram ? (Bd. of Ed., 
Stage II., 1903.) 

12 . Sketch indicator cards to show the following defects in a steam-engine : 
(a) excessive compression; (5) too early cut-off; (r) too early release; (d) early 
cut-off, valve reopens at | stroke ; (c) indicator drum working against the stop. 
(C. & G., Hons., 1892.) 

13 . Explain how to find the mean pressure of an indicator diagram containing 
loops. 

14 . Describe Richards’s indicator, and point out precisely the mechanism by 
which the pencil is actuated, giving the reason for the special construction. 

The barrel of such an indicator is 2 in. in diameter, and it vibrates through 
three-fourths of a revolution. The area of the diagram is 3‘( sq. in., and the motion 
of the pencil is three times that of the indicator piston. Taking the mean pressure 
of steam to be 17^ lbs. per .square incli, find what force corresponds to a motion of 
1 in. of the springs, (Bd. of Ed., Stage II., 1892.) Ans. 67’5 lbs. 

16 . Sketch and describe the action of an indicator for measuring the power of 
an engine. If the scale of an indicator is 60 lbs. to the inch, the area of the 
diagram 3*98 sq. in., and its greatest length parallel to the atmospheric line 2^ in., 
the crank of the engine being 13 in., the diameter of the cylinder 15 in., and the 
number of revolutions per minute 80, find the I,H.P. (Bd. of Ed., Stage II., 1894.) 

4ns. 197*1, 



QUESTIONS WITH SOLUTIONS. 493 


16. What data are required for calculating the I.H.P of a steam engine? If 
the diameter of the cylinder and the stroke of the piston be given, and you had 
charge of an engine, h<wv would you proceed to find the other data required to 
determine the I.H.P. ? i^eseribe with the aid of a s! etch the construction and 
action of the indicator which you adopt. (Bd. of Ed., II., 1896.) 

17. Describe with sketches the construction of a steam-engino indicator. (Bd. 
of Ed., Stage II., 1905.) 

18 . A single-cylinder double-acting condensing eiigu'e has its cylinder efficiently 
lagged, and receives steam at an absoluti.- pressure of 90 lbs. per square inch ; the 
cut-ofi takes place at one-sixth stroke, and tjio hack pressure is 3 lbs. absolute. 
What must bo the diameter of ihe cylinder and stroke of the engine in order thak 
it may indicate 2600 horse-power when nirning at 50 revolutions per minute ? 
The stroke of the engine is twice the d'aineter of the cylinder. Hyp. log 6 = 1’791 

Ans. Diameter, 54-5 in. ; stroke, 109 in. 

19 . Describe completely the i^ro'icss of estimation of the hor.^o-power of an 
engine by the use of an indicator, and ))y means of other necessary observations. 

What must be the mean intensity of pressure per square inch if. for each 
cubic foot swept through by the ])iston per second, 15 1T.1\ are developed? 
(Inst. C.E., 1905.) -4u.s. 57 3 lbs. per square inch. 

20 . Steam enters a cylinder at 50 lbs. j'cr square inch (absolute), Is cut ofi in 
one case at one-fiftb, in anotlior case at half the strode. Find in each case b} con- 
struction (you may use a formula if you jirove it correct) ilic average pressure 
during the stroke, the back pressure being 17 lbs. per scpiare inch ; fmd the 
indicated work per cubic foot of sh'am in the two cases. What objections are 
tborc to very early cut-off ? (Bd. of Ed., Stage II., 1899.) 

Jws. G480 foot-lbs, and 7200 foot-lbs, 

21. The mean pressure of the urual hypothetical diagram is— 

• y,(l + l ofcr) _ 


where Pi is the initial pressure, p™ the back 
expansion. Obtain this expression, and 
prove that the maximum work per cubic 

foot of steam is obtained when 

neglecting all losses. (Sheffield Uiiiv.) 

Answer .—Tjct the cross-hatched area in 
Fig. 491 roprosent the hypothetical dia- 
gram, the exx)aijsion curve following the 
law PV = constant. 

Take a narrow strip dp. 

The area of this strip = v . dp. 

Total arc'^' between the limits pj and pj = 

[dp . Pi^h 

‘ - since V = - 

V P 


pressure, and r is the ratio of 


ij j 


^ fvdp ~ 

pj PsJ 

P\ Cap 

puJ 


Pit’, log, rr p^v^ lOi 


PsJ 

where r - 





Ih 


Total area of diagram - PiV, log, r + v.^(p^ - 


, , , . p.i;, log, r + Vij(p; 

mean pressure or average height = ^ 


'3 - P2) 


p, log, r 


+ - i>2) 


Also Pj 


mean pressure — 


and - 


Px 

r V, 

= r’i(i + 1°8« P _ 
r 


Pi 
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Let mean pressure per square foot. 

V = volume of the cylinder in cubic feet. 

A = area of piston in square feet. 

L = length of stroke in feet. 

Work per stroke 

steam used per stroke with r expansion 
work per cubic foot of steam 


r 

Substituting the value of the mean pressure— 

Work per cubic foot = 

= 2),(1 + log,, r) - 77 ), 

To find when this expression is a maximum, differentiate and equate to zero. 

Then — P 2 = ^ 
r ^ 

and r = 

22. The steam cylinder of a pump is fitted with an ordinary D slide valve. 
The eccentric radius is 2\ in., the angular advance is 40®, and the outside and 
inside laps are respectively 1 ^ in. and ^ in. 

The cylinder is supplied with steam at 45 lbs. per square incli gauge pressure, 
and the back pressure is 3 lbs. gauge pressure. Assuming that the law both for 
expansion and compression is PV = a constant, draw the indicator diagram for 
the cylinder, making the length of the diagram 3 in., and using a {>ressure 
scale 30 lbs. per square inch per inch. Cylinder clearance, 15 per cent, of 
effective volume ; atmospheric pressure, 15 lbs. per square inch. 

[Neglect the obliquity of thoxonnecting rods.] (Bd. of Ed., 1914, Lower.) 

23. Find the moan pressure for the following ideal indicator card : - 

Admission at constant pressure^^OO lbs per square inch gauge ; cut-off at 0'36 of 

the stroke ; release at end of stroke pxhaust at 3 lbs. per square inch gauge ; 
compression so that at end of stroke the initial pressure is reached. Atmospheric 
pressure 15 lbs. per square inch. Expansion and compression curves, pv = con- 
stant ; clearance, 6 per cent. (Sheffield Univ., 1914.) 

Ans. 54 lbs. per square inch. 


: X A X L. 

A X L 
r 

l\, X A X L 
A X L 


= Pm X r 


VI. QUALITY OF STEAM JN THE CYLINDER. 

1. We endeavour to prevenii condensation in the cylinder of a steam-engine 
(a) by a separator, ( 6 ) by superheating, (c) by drainage from the cylinder, (d) by 
steam-jacketing, (c) by high speed. Explain how each of these methods tends to 
effect our object. (Bd. of Ed., Stage II., 1901.) 

2. Why is even a small quantity of water harmful in a steam-cylinder ? How 
do wo try to prevent condensation in a cylinder ? If any of the methods serves 
some other good purpose, state it. Prove that drainage must be good. (Bd. of 
Ed., Stage II., 1905.) 

8 . Without giving the mathematical investigation, state what is the result of 
our study of the cause of the initial condensation in a cylinder. Has it been con- 
firmed by experiment ? What is known about steam missing through leakage 
past valves ? (Bd. of Ed., Stage III., 1900.) 

4 . Explain why condensation generally occurs as steam enters an engine- 
cylinder, and show that it is a cause of loss. Discuss the various methods which 
may bo employed to reduce cylinder condensation.' (Inst. C.E., Oct., 189G.) 

5. State in a general manner how initial condensation in a steam-engine 
cylinder is affected by (n) variable rates of expansion ; (b) roughness and extent 
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of the surface of the pistou^head and tl? inside surface of the cylinder cover; 
(c) steam-jacketing; (d) superheating;' [e) speed of running (i.c. number of strokes 
per minute) ; (/) compounding. (Inst* G.E., Oct., 19(»1.) 

6 . Sketch and describe an apparatus for drying steam before it enters the 
cylinder. 

7 . How would you determine the percentage dryness oi steam at cut-ofE ? 
What data would you require ? 

8. Show by an example how, given tbo ciearanco vol* me and volume swept by 
the piston, and also the indicator card for a steam-engine, you can calculate at 
any point of the stroke after cut-off, the ac tual volume and weij^hfc of the steam 
in the cylinder! • Wliat informalinn about the w^*rk’ ig of the engine does this give 
you? (C. & G., Hons., 1896.) 

9. Explain Imw tho weight of sioa.T; present in an r-ngm‘3 cylinder at any part 
of the expansion process can be measured from the indicator card, (C. «fc G., 
Hons., 1894.) 

10 . Describe the method of applying the saturation curve to the indicator 
diagram. 

13 . Sketch an indicator diagram such as might be expected from a 
condensing engine with a slide-valve. If the weight of watoi present during 
cushioning is known, and the foed-water per hour is also known, shdw how wo 
find how much condensation or evaporation occurs during the expansion. (Bd. 
of Ed., Stage IT., 1900.) 

12 . Having given an indicator diagram from a sioam-ongiiie, and full particulars 
as to the scale of the diagram and the dimonsioiif; of the engine, show how you 
would calculate the weight of steam present in the cylinder at any convenient 
point in the expansion process. (Inst. C.E., Oct., 1901.) 

13 . G iven indicator cards for a single-cylinder stoaiu-ongiue and all necessary 
data, explain carefully how you would estimate the dryness of the steam at any 
point in the expansion, stating clearly any assumptions involved in the process, 
(lust. C.E., 1905.) 

14 . The cylinder* volume of an engine at cut-off is exactly a cubic foot. 
Calculate what weight of steam is theoretically shut in the cylinder at cut-off — 

(i) If the engine is supplied with dry saturated steam at 100 lbs. per square 
inch absolute pressure (corresponding temperature, 104° C.). 

(ii) If the steam is superheated at constant pressure to 2G0° C., assuming that 
the volume of superheated steam is proportional to its absolute temperature. 

Why would tlie cylinder feed per stroke in the actual engine largely exceed 
these weights; and would the excess be greater in the first or the second case? 
(L)d. of Ed. ^ 1914, Liowxr.) 

Arm, In the absence of steam tables, the volume of a pound of steam may 
be caJculated ficm the formula — 
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wlicrcp is the pressure in pounds per square inch, and u is the cubic 
feet per pound. Using this formula, the answers arc (i) dry steam, 
()’2290 lb, ; (ii) superheated steam, 0-2121 lb. 

16. From the following particulars determine the dryness of the steam at 
J of the stroke, assuming the cut-ofE to be at half- stroke : — 


Volume of cylinder, cub. ft 4 6 

Clearance, per cent , 6 

Pressure of steam at | stroke, lbs. per square inch absolute 60 
Volume of 1 lb. of steam at 60 lbs, per square inch ) „.r^Q 

absolute, cub. ft j ' 

Pressure at a point 0*8 of tho return stroke on the com- I 
pression curve, lbs. per square inch absolute , . . . ) 

Volume of 1 Ib. of steam at 19 lbs. per square inch absolute, i r, 

cub. ft r"® 

Revolutions per minute 100 

Condensed steam per Lour, lbs 5920 


WKat assumptions do you make in working out the dryness of the steam ? 
(London B.Sc., 1911.) 
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4m-, ’Volume of steam in cylinder cut-off •= § x 4-6 + 0*23 

= 3-105 cub. ft. 

04S31 lb. 

X 4-6 + 0*23 
1‘16 cub. ft. 

0 0546 lb. 

0-4933 lb. 

••• = 0-i93W(!oM6 = 

It is assumed that the steam is dry steam when the exhaust closes, and that 
there is no leakage of steam past the valve. 

IS. Find the dryness of the steam after cut-off at three-quarters of the 
stroke from the following particulars of an engine trial, assuming no leakage : — 


Condensed steam per hour in pounds 4608 

Revolutions i)er minute . . 120 

Volume of cylinder, cubic feet 8*6 

Clearance, per cent 6 


Pressure of steam in pounds per square inch at ^ stroke 41*8 
Volume in cubic feet of 1 lb. of |team at 41*8 lbs. pressure 10*05 
Pressure of steam in pounds per square inch at 0 84 of the ) ^y .2 
return stroke and coramonwement of compression . . I * 

Volume in cubic feet of 1 lb. of steam at 17*2 lbs. per I (23*14 

square inch ' «. 

(Inst. C.K., October, 1913.) Ans. Dryness of steam, 81 per cent. ' 

VII. COMPOUND ENGINES. 

1 . Explain fully how the c^Jmbined indicator diagram of a triplo-exi)ai)slou 
engine is made from the throe cards taken from the several cylinclcrs. What 
advantages and information are derivable from the plotting of the throe separate 
indicator cards to one scale and on one card ? (Bd. of Ed., Stage II., 1899.) 

2 . You are given a set of cards takoii from the three cylinders of a triple- 

compound engine. Explain what further data you would require, and how you 
would combine them into one diagram. How would you use the diagram you 
obtain to compare the amount of work actually done by the engine per stroke 
with the amount of work the actual steam admitted could do if expanded 
adiabaticalJy down to tlie release pressure, and exhausted at a pressure oorre- 
spoiiding to the actual back pressure in the engine ? (C. & G., Hons., 1897.) 

3 . Explain the method . of drawing a combined diagram for a compound engine. 
Take a compound engine with the following dimensions: H.P. cylinder 30 in. in 
diameter, L.P. cylinder 67 in. in diameter, and 36 in. stroke in both cylinders. 
Steam enters the H.P. cylinder at 70 lbs. absolute, cut-off in both cylinders being 
at half-stroke, and tlie back pressure in the L.P. cylinder being 4 lbs. There is 
a large intermediate receiver in the engine. 

Construct the probable respective diagrams and combine them, using hyperbolas 
for the expansion curves. (Bd. of Ed., Hons., 1892.) 

4 . Show how to combine the indicator diagrams for a three-cylinder gas-engine 
with cranks at 120*^ apart, so as to obtain the turning moment. (Inst. G.E., 
Oct., 1903.) 

6. Show by diagrams the effect of varying the cut-off in the H.P. cylinder, the 
cut-off in the L.P. cylinder being constant; also the effect of varying the cut-off 
in the L.P. cylinder, the cut-off in the H.P. cylinder being constant. 

6. Wliat is the receiver of a compouhd engine ? Explain what is the infloionco 
of its volume on the diagram. 

7 . Find the diameters of the cylinders of a compound engine of 600 th<i 


weight of steam present at cut-off = - 

volume of steam during compression at 19 lbs. pressure = 


weight of steam in cylinder during compression - - 

. , 5920 


steam used per stroke : 


200 X 60 ■ 
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stroke being 42 in^ and the ^evohitions 80 per minnfce ; steam-pressure^ 120 lbs. 
per square inch absolute . teruxinat pressure, 10 lbs. ; jack pressure, 8 lbs. 

An8,HX 18 in. ; L.P, 84*3 in. 

8 . Find the dlahHieter%of the cjrlindfers of a triple-expansion engine of 1000 1.H.P. 
the stroke of the piston being 54 in., and the revolutions 100 per minute. The 
mean pressure to be 36 lbs. por square inch referred vo the L.x\ cylinder. 

Arts. 86*6 in., 24 in., 14 in. 

9. Explain the effect of clearance volume (e) on the ratio of expansion ; 
(6) on the steam consumption when ihero is no xompres^on ; (c) when there 
is compression. 

10 . What are tlic advantages of the compeund engiof) over the single-cylinder 

engine of the same I.H.P. \ ’hcn both ougiuoa work with steam of the same initial 
pressure and with the same rates of expansion ? Compare the max hn urn preKsiires 
on the crank-pins * *■ two engines ot equal stroke and each working upon a single 
crank, whem the initial preb.iUre oi steam per square inch is ni both cases 80 lbs. 
absolute, thu total expansion 5 tiinos, and the terminal back pressure 4 lbs. per 
s(juare inch absolute." Tn the single-cylinder engine the piston is 20 in. in 
diameter, and in the coinpounrl engine tho li.I*. cylinder is 21) in m diameter and 
the II P. cylinder is ll| inclies in diameter. For the comparison, consider that 
there is no drop in pressure hot ween the two cylinders, out that the terminal 
pressure in the H.P, cylinder is the same as the initial prcssuio in the L P. 
cylinder. (Bd. of Ed., Ilona., 1896.) vf 7 cv. 1 : P39. 

11. Plxplain carefully, with sketches, bow you would oorabine diagrams taken 
from the high- and low-pressure cylinders of a compound engine. (Inst. C.E., 1906.) 

12 . Find the diameters and suitable stroke of the two cylinders of a compound 

engine, so tliat the power developed may bo 120 indicated horse-power at a piston 
speed of GOO ft. per minute. Ratio of cylinders (by volume) 1 : ; admission 

pressure, 115 lbs. per square inch absolute ; condenser pressure, 3 lbs. por square 
inch abwoiuto ; diagram factor, 0 70 ; cut-off in high pressure cylinder, 0*5. 

A nsivcr . — 

Mean pressure of ideal diagram r: — 3 

number of expansions r =- x SJ - 6*5 


.*. mean pressure -- 


116(1 4- log. 6-5) _ 

~ 6-6 ^ 


=■ 47*77 lbs. per square inch. 

Actual mean pressure referred to low-prossuro cylinder - 47*77 x 0*70 = 33*44 
lbs. por square inch. 

Let dg = diameter of low-pressure cylinder. 


Then 120 = 


33*U X 600 X (II X 3*1416 
33000 "x 4” 


and (II = 251-3 
dg = 15*85 in. 

Lei dj = diameter of high-pressure cylinder. 

di : d./ : : 1 : 

d, = = 8-792 in. 

Assuming a stroke of 18 in. — 

Revolutions per min. =; ^ minute. 

13 . In a triple expansion marine engine to develop 200 I.H.P. at a piston 
speed of 700 ft. per minute the volumes of the L.P., I.P., and H.P. cylinders are 
to be in th(» ratio 1 : 2-5 : 7*5. The steam chest pressure is 170 lbs. per square inch 
gauge, and the exhaust pressure 4 lbs. per square inch absolute. Taking a diagram 
factor 0*65 and the cut-off in the H.P. cylinder at 0*6 of the stroke, calculate the 
diameters of the cylinders and state a suitable stroke. (Sheffield Univ.) 

Ans. Diameters, 22f in. ; 39| in. ; 62^ in. ; stroke, 42 in. 

2 K 
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14 Doiormino the cylinder dimensions of a horizontal oomjpound engine with 
trip g^ar, to devalo>^I.H.P. under the following conditions ;-Pressnre in steam 
ohostf 140 Iba, per.-iig, ixi. gauge ; va* uum, in. ; Dumber of expansions, U,* uiagcaiD 
factor, O Si^; /speed, 6S0 ft. per miouto; point of^ui-oif in higb-pressure 
cylinder at oiie-roird of stroke. Determine also the point of cut-off in the low- 
pressure oylkider, so that the initial loads may be approximately e<iual. (B.Sc. 

Lond.,1907T . . ^ 

Ans. iDiameter of H.P. cylinder = 16*6 in. ; diameter of L.P. cylinder 
s=:'33'2 in. ; out-ofi in L.P. cylinder = 0*4. 


VIII. SUPERHEATED STEAM. 

1. Write a brief account of the use of superheated steam. An engine of 500 1.H.P., 
under a working pressure of 150 lbs. per square inch absolute and a feed-tempe- 
rature of 80'^ F., uses 18 lln. of steam per I.H.P. hour ; when the steam is super- 
heated to 700° F., it uses 1 1 lbs. jicr I.H.P. hour ; express the saving as a percentage, 
of the original consumption. (Inst. C.E., Oct., 1903.) 

, Ans. Saving is 30*1 per cent. 

2. Sketch an entropy-tomperaturo diagram for water and steam, and show liow 
you would indicate upon it : (n) adiabatic cxiiansion of steam having an initial 
wetness of 10 per cent., and show how you would obtain the wetness fraction after 
it had expanded down to a given temperature ; (5) superheating of the steam, and 
indicate the temperature at which it would become saturated if it were adiabatically 
expanded (Inst. C.E., Oct., 1901.) 

3. Explain briefly, with a sketch, some form of steam superheater, and state 
any precautions which should be taken in the production of. highly superheated 
steam. Why is loss superheated steam required per hour per horse-pov/or than 
when saturated steam is used ? (Inst. M.E., April, 1914.) 

4. Why is it economical to use superhoatod steam ? Show from a sketch on 
the temperature -entropy diagram that the therrao-dynamio advantage of super- 
heating is not of much importance. (Bd. of Ed., Stage HI., 1911.) 


IX. CONDENSERS. 

1. An engine uses 20 lbs. of steam x)cr hour i)cr T.TI.P. How much lieat enters 
the condenser per hour xier horse-power if there is no radiation or leakage ? The 
temperature of the steam at the stoi)-valvc is 328° F. 

Ans. 21 ,003 units of heat. 

2. The tcmx)oratiiro of the exhaust steam entering a jot condenser is 130° F. 

The te'jnx^orature of the mixture after condensation of the steam is 85° F. ; the 
initial temperature of the cold-water jet is 45° F. Find the pounds of condensing 
water required per pound of steam condoiisod. Ans. 2(r7 lbs. 

3. The temx)eraturo of the exhaust steam entering a sui-face condenser is 120° F. 

The torni^crature after condensation is 100° ¥. The initial temi>crature of the 
circulating water is 50° F., and the final temi)craturo 85° F. Find the iSomids 
of circulating water required per pound of steam condensed. Ans. 30 lbs. 

4. Exjdain the terms “ heat cxi)ended,” “ heat rejected,” and state the relation 

which exists between these (juantities and the work done by a heat-engine. In a 
stationary condensing engine the condensation is effected by the injection of cold 
water into the condenser. The net quantity injected* is 10 cub. ft. per I.H.P. per 
hour, and the rise of temperature on entering the condenser is 30° F. Find what 
fraction of the whole heat exx^ended (neglecting radiation and leakage) is usefully 
employed. (Inst. C.E., Feb., 1899.) 11*96 x)or cent. 

6. Make a sectional sketch of any form of air-pump. 

A steam turbine using 12 lbs. of ^toam per norso-power hour develops 5000 
horse-power. The pressure of the steam as it enters the condenser is 1 lb. per 
square inch absolute, and its dryness fraction is 0*7, and the temperature of the 
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condensed steam living thr condenser is 38° C. The rise dj|^ Wmporatare of tho 
condensing water is 16° 0. How much water does the circISlating pump deliver 
to tho condenser per hour? Temperature of steam at 1 lb pr^suro is 88'7° 0., 
and this may bo taken o^ual to the water heat. La«enf- hekt ol ,#eam at 1 lb. 
pressure is 574 Ib.-ealorios. (Bd. of Ed., 1914, Lower.) [Note^l ),b. -calorie = | 
B.Th.U.] Ans. 1,52^,000 lbs. 

6. Explain, with a sketch, the princiiAo of the jo^ condonser. Find t)ie- weight 
of water required to condense 1 lb. of dry steam at 1 ‘15° F. if the iuitiol tempera- 
ture of the condensing water is 76° F., and the final terrpcratufe is 105° F. 
(Total boat o: 1 lb, of dry steam at 125° F. fiom water at F. = 1114 B.Th.U.) 
(Inst. M.E., April, 1914.) J ns, d4‘7 lbs. p^^r pound of steam. 


X FEED-WATER HEATERS. 

1. Sketch and describe a feed-water heater. 

What is the percentage gam when the boiler feed- water Is heated from 50° F. 
to 230° F., the temperature of ihc steam in the boiler being 350° F, / 

* Ans. 19*7 per cent. 


XL GOVERNORS. 

1. A loaded Watt governor. For simplicity take tho framework to be a 

parallelogram ABCD, tho axis being AC, the centres of the balls at B ajid D. If 
AB = 1)0 = 1*2 ft., if tlie balls are 7 lbs. each, and the load is 150 lbs. i 2 lbs. 
because of friction, find tlic range of speed from r = 0*5 to r — 0'6 ft. if r is 
distance of a ball from tho axis. Wherein consists the usefulness of the load? 
(i3d. of Ed., Stage HI., 1903.) Am. Range of speed is 9*1 revs, 

2. What is tho centrifugal force of a ball of iv lbs. at r ft. from an axis making 
n revolutions per minute? 

The whole revolving mass of a governor is equivah'nt in its effect to that of two 
balls each weighing H lbs. The construction and loading of tlio governor and 
^alvo-gc^lr are such tiiat when each ball is at tho distance r ft. from tho axis of 
jc volution, a force F lbs. acting radially outwards from each ball is necessary to 
maintain equilibrium. Two sets of experiments are made: in one F overcomes 
friction ; in the other F is assisted by friction. 


r. 

F overcoming friction 
F helped by fiictioii . 


0'4 

19'20 

18*44 


0*5 

25*00 

24*02 


0-6 
81*20 
80 04 


Find the highest and lowest speeds of the governor between these limiting 
values of r. That is, for each value of r find the speed at which tho centrifugal 
force of a ball has the value F. Tabulate your answers. (Bd. of Ed., Stage II., 1904.) 
Ans. O.F. = 0 0(X)34 wni^ ; highest speed, 138*2 revs. ; lowest speed, 130*2 revs. 


F overcoming friction ' 19*20 25*00 31*20 

n j 132*8 185*5 188*2 

F helped by friction . ! 18*44 24*02 30*04 

n i 130*2 132*9 135*6 
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8 . Cboose a loaded pei^ulum governor or a Hartnell governor, and explain with 
sketches how it governs. ^Show how we find the speed corresponding to any 

position of the balls. (Bd. of Ed., Stage II., 
1906). # 

4 . What is the object of loading a governor ? 

An equal armed governor is shown in Fig. 
492, with the sleeve resting against bottom 
stop. Each ball weighs 4 lbs., and the sleeve 
itself weighs 14 lbs. At what speed will the sleeve 
just begin to leave the bottom stop ? (Bd. of Ed., 
1914, Lower.) Ans, 186‘8 revs, per minute. 


XII. TURNING EFFORT IN THE CRANK 
SHAFT. 


1 . What is a crauk-cfiort diagram? What 
data are required to allow it to be drawn, and 
how is it applied in finding the lluctuations of 
speed ill an engine when the dimensions and 
speed of the flywheel are known? (Inst. C.E., Fob., 1B98.) 

2 . If a piston with its rod weighs 250 lbs., and if at a certain instant when the 

resultant total force due to steam pressures is 8 tons, the piston lias an acceleration 
of 820 ft. per second per second in the same direction, 'what is the actual force 
acting on the crosshoad? (Bd. of Ed., Stage IT., 1905.) Ans. 4220 lbs. 

3 . If on a piston of 120 sq. in. area and weighing with piston-rod 290 lbs., there 
is at a certain instant a pressure of 180 lbs. per 8(|uare inch on one side more than 
what there is on the other, and if the piston’s acceleration at that instant is 420 ft. 
per second per second in the direction in which the steam is urging thb piston, 
what is the total force acting at the crosshead? (Bd. of Ed., Stage II., 1900.) 

11,794 lbs. 

4 . Show how to find graphically the acceleration of the piston of a direct-acting 
engine in any position, the crank-pin being assumed to move uniformly. Sketch 
the form of the curve of acceleration (1) on a piston, and (2) on a crank angle base. 
Describe generally the infiuoncti of the inertia of the piston, rods, and crosshead 
on the stresses set up in tlic crank-pin. The weight of the reciprocating jDarts is 
equivalent to 3 lbs. per square inch of the area of the piston. If the length of the 
crank bo 9 in., find how much the initial effc^ctivc pressure is reduced by the 
inertia of the recij)rocating parts when the crank makes 70 revolutions per minute, 
the obliquity of the connecting-rod being neglected. (Inst. C.E., Oct., 1900.) 

Ans. 3'75 lbs. per square inch. 

6. A xfiston and its rod and crosshcad weigh 460 lbs. The engine makes 
250 revolutions per minute, the crank is 1 ft. long. Make a diagram of the 
horizontal force at the crosshoad at every point in the stroke : (1) assuming the 
connecting-rod infinitely long; (2) taking the connecting-rod to be 5 ft. long. 
State the force atj«mo one place, so that your scale may bo checked. Assume no 
friction. (Inst. CJE., Oct., 1898.) 

6. Show how to find the acceleration of an engine-i)iston at each end of its 

stroke when the length of the connecting-rod, the length of the stroke, and the 
number of revolutions per minute are given. Find the force required for accele- 
ration per pound mass of the piston, at each end of the stroke, in an engine with 
an 8-in. crank and 30-in. connecting-rod, making 300 revolutions per minute. 
(Inst. C.E., Oct., 1897.) Ans. 25*84 lbs. and 14*96 lbs. 

7 . If on a piston of 120 sq. in. in area, and weighing with piston-rod 290 lbs., 
there is at a certain instant a x^ressure of 130 lbs. per square inch on one side more 
than what there is on the other, and if the piston acceleration at that instant is 
420 ft. x^er second per second in the direction in which the steam is urging the 
Xnston, what is the total force acting at the crosshoad ? If this accolefation occurs 
when the x>i8ton is one-quarter of its stroke from one end, assuming an infinitely 
long connecting-rod, how many revolutions per minute is the engine making? 
The crank is 1 ft. long. (Bd. of Ed., Stage III., 1000.) 

* Ans. 11,794 lbs. ; 276*8 revs. 
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8. Crank 1 ft., connecting-rod 6 ft., 150 revolutions minute : find the accele- 
rations of the piston at the ends and at some other point of the stroke, and draw 
an acceleration diagram. The veight of piston and rod is ^50 lbs., area of piston 
150 sq. in. Draw possible indicator diagrams for tho two tides of the piston, and 
show how we use them and the acceleration diagram to fibd the real force at the 
crosshead at every point of the stroke. (Bd. of Ed., Stage CF., 1005.) 

9. Piston 115 sq. in. in area tno beginning, of eitht.’ stroke there is a 
difference of pressure of 90 lbs. per square inch on ios two sides, producing total 
force in the direction in which the piston is about to move. I'he piston and its 
rod weigh 410 lbs The engine makes IBO •ray dutions per minute ; crank 1 ft. 
Neglecting angnhirity of conii'*cting rod, that Is assuming that the f^iston has a 
simple harmonic ir otioii, what Is t! -' actual h'rce at Ihe ciosshoad at tho beginning 
of either stroke ? 

What correction jiiust V o made when the angularity conno''tin/-rocl is not 

neglected? (Bd. of Ed., Stage I II 190B.) Jn.s. 7994 lbs. 

10 . Ihston 115 sq. in. iu area, i‘.r5i)ik 1 ft., connccting-rod 5 ft., 130 revolutions 

per minute. At tho beginiiijig of tiitlior stroke tliere is a difference of pressure of 
90 lbs. per square inch on the sides of the piston, producing total force -n the 
direction in which thu piston is about to move. Tlio piston and its rod weigh 
410 lbs. What is the actual force at tho crosshead at Iho beginning of either 
stroke‘s (Bd. of Ed., Hons., 1903.) J -is. 8405 lbs. and 7523 ibs, 

11 . If on a piston of 120 sq. in. area, weighing with pi.ston-rod 290 lbs., there is 
at a certain instant a pressure of 130 lbs. per sciiiaro incli on one side more than 
what there is on the other, and if the piston acceleration is 420 ft. per second per 
second in tho direction in wliich the steam is urging the piston, what is tho total 
forde acling at tho crosshead ? 

If the crank is 1 ft. long and the connccting-rod is 5 ft, long, and if the above 
acceleration occurs at the inner dead-point position, find tho speed of the engine. 
(Bd. of Ed., lions., 19(K).) A^is. 11,794 lbs. ; 215-2 revs, per minute. 


12 . Explain what is meant by the pressure duo to the inertia of tlie recipro- 
cating parts in a steam-engine, and show how it modifies the effective crank 
effort at different points of the stroke. If tho revolutions are 400 and the moan 
piston speed 1200 It, per minute show that with a 4 to 1 rod, the maximum inertia 
pressure is very approximately 50 times the weight of the reciprocating parts. 
(0. & G., Hons., Sec. B, 1903.) 

Ana, The maximum force required to ae<'.elerato the reciprocating parts is 
required when the piston is at ihe head end of the cylinder. 

The force required to accelerate the reciprocating parts at this point is 


given by tho formula- 


’“(l+i), w 


hich may also be written 


0 00034 

Substituting the values given in the question, tho maximum force 
000034 X W X J X 400 X 400 X J 

zz 51W 

13 . In a steam-engine the weight of tho reciprocating parts Its 500 lbs. ; stroke, 
2 ft. ; jcvolutions, 180 per minute ; connecting-rod, 4 feet long. 

Eiiid the force to accelerate tho piston, (1) at the beginning of the stroke, (2) at 
the end of the stroke, and (3) when the crank is 90^ from the dead centre. (Inst. 
M.E., Ax>ril, 1914 ) 

Ans. Head end, G895 lbs. ; crank end, 413G lbs. ; at 90^ from dead 
centre - 1379 lbs. 


XIII. FLYWHEELS. 

1. The crank-shaft of a gas-engine is giving out steadily 20 horse-power at an 
average speed of 150 revolutions per minute. When there are 75 explosions per 
minute (each cycle being two revolutions), about how much energy is being stored 
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and umtofed by the d vwheel ? If the kinofcic energy of the flywheel at 150 revo- 
lutions is 260, OOO foot-lbs., what are the highest and lowest speeds ? (Bd. of Ed., 
Stage II., 190st.) Ans. 160 93 and 149-01. 

The dywheel of a rolling-mill engine is observed to okange its speed from IC^ 
revolutions per minute to 70 revolution.^ per minute in 5 seconds when a billet is 
passed into the rolls. The moment of inertia of the flywheel is equivalent to 80 
tons at a radius of 10 ft. Find the average torque exerted on the crank-shait 
due to the energy drawn from the flywheel in addition to the torque exerted by 
the conneoting-rods. 

Sketch the form of the crank-effort diagram for a single-cylinder double- 
acting engine, and explain how you would proceed to draw this diagram from a 
given indicator card. (Bd. of Ed., 1914, Higher.) Ans. 131,040 Ibs.-ft. 

3 . Briefly explain how the fluctuation of the speed of a crank-shaft is kept 
within narrow limits by means of a flywheel. 

What must be the size of a flywheel in order that the maximum speed may 
not exceed the mean speed of 60 revolutions per minute by more than 0*2 revolu- 
tion per minute when the area of the crank-effort curve cut off by the moan crank- 
effort line represents 50 ft.-tons. Give the mea.n radius of the flywheal and the 
weight in tons of the rim, and work out the dimensions ou the* assumption that 
the mass of the wheel is all concentrated at the mean radius of the wheel, and 
that the speed at the moan radius is limited to 100 ft. per second. (Bd. of Ed., 
1912, Higher.) 

Ans. Radius of flywheel = 15*85 ft. 

Weight of flywheel = 48*65 tons, assuming cast iron weighs 450 lbs. 
per cubic foot. 

Cross-section of rim, 349 cub. in. ; say 12 in. by 29*08 in. 


XIV. BALANCING THE ENGINE. 

1 . Describe the usual balancing of an inside cylinder locomotive, and^what it 
really effects. (Inst. C.E., Oct., 1898.) 

2. Two engines with the same centre line on opposite sides of a crank-sliaft ; 
same moving masses ; cranks exactly opposite, so that thoro is exact balance of 
horizontal inertia forces: what may be done to the connecting-rods to make 
perfect inertia balance ? Prove your statement. Is the engine perfectly balanced 
now? (Bd. of Ed., Stage III. ,*1901.) 

3 . An outline sketch of the crank-shaft of a four-cylinder engine is shown 
in figure below. The middle pair of cranks are set at 105° with one 
another, and the reciprocating parts weigh 1*125 tons for cylinder 2, and 1 ton for 
cylinder 3. Find the weight of the reciprocating parts for cylinders No. 1 and 
No. 4, and the angles between 'the cranks No. 1 and No. 4 and between the 
cranks No. 1 and No. 3, so that the reciprocating parts of the engine may be in 
balance amongst themselves. (Bd. of Ed., 1914, Higher.) 
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Answer . — 


Fig. 493. 


No. of 

Distance of centre <*f crank 

U'c'igUt in t ns. 

Moment about refei ence 

crank. 

Ironi rtfcreiice ]ilauc. 

i 

plane. 

1 

0 

0*8 

0 

2 

37*5 ins. 

1*125 

42-2 

‘ 3 

97*5 „ : 

10 

97-6 

4 

142*5 „ 1 

0671 

95-6 


{See over.) 
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The plane of N<^. 1 crank is taken as the referenoo piane. 

Fig. 494 shows the angles between the cranks. 

4. The recipfonating inassep for the first, second, and 
third cylinders of a foii^-cylinder engine arc 4, 0, 8 ;,ons, 5 

and the centre lines of these cylinders are 13 feet, 9 ftet, 
and 4 feet respectively from that of the fourth cylinder. 

Find the fourth reciprocating mass. a<id the angks be- ^ \ \ 

tween the various cranks in order that they mo y be , \ i « 

balanced. (Bel. of Ed., 1912.)^ , 

A71^. Eourth reciprocating mass -s 5*5 tons. The / 

angle between tbe first and seconl c^’ank, is I 
144‘' , helwoen ibe first and thirl crank, 25.5'’ -n 

and between the first and fourth crank, 55°. i 

6. Give any mir method for finding the acceleration 

of the piston masses m a re<fiprocaiiing engine, and Fig. 494. 

roughly plot the acceleration curve from the following 
data : — 

Eociprocating masses weigh G50 lbs. 

Stroke, 2 ft. 

Connecting-rod, 4 ft. long. 

Speed, 200 revolutions per minute 

Write down the acceleration at the beginning and at the end of the stroke. 
(Bd. of Ed., 1912.) A ns. 648 and 329 ft. per second per sec. 

^ 6. In a tiireo-cylinder engine the distance between the centre and left-hand 

cylinder is 18 inches, and between the centre and right-hand cylinder is 24 inches, 

and the stroke is 30 inches. The reciprocating 

parts of each cylinder weigh 300 lbs., and the | 

cniTiktt make 120° with each other. Find the 

maxijmun value of the unbalanced force and -Cr^nk 

the unbalanced couple when the engine is I 

making 200 revolutions per minute. (Hd. of 

Ed., 1913.) : Crank 

Ans. No imbiilancod force. Unbalanced 

couple, 15,000 ft.-lbs. ! 

7. The sketch (Fig. 495) shows certain di- 

mensions of the crank-axle of an inside cylinder M<ttCgNTRe.oFRBXi^WT. i wthisPuan^ 
locomotive. All tbo revolving masses and ^ 

two-thirds of the reciprocating masses are to , 

be balanced by masses placed in the wheels at R. Crank I 

a radius of 30 in. Find the balance weights. ' ' ' F | 

Calculate the maxim um value of the vertical T U 

force acting on the rails due to one balance I JJ lO 

weight when the engine is running at 00 mijes LCrank T v 1 

per hour. . J ’ 

Diameter of driving wheel, 7 ft. I O i 

Stroke, 24 in. I ^ f _ 

Beciprocating mass per cylinder, GOO lbs. MAS5CEWTREorL.B^L\VT.iNTHi5 Plane. 
Unbalanced revolving mass per crank at I 

crank radius, 060 lbs. (Bd. of Fd., 1913, 

Higher.) FJG- ^95- 

Ajiswer.— 


Mm Centre of RBXi!. Wt. j K 


MAS5CEWTRE0rL.B^L\VT.INTHl5 PLANE. 


Fig. 495. 


1 

Iteciprociit- 

llevolvrtig ! 

I'adiue in 

lUstmce of 
ciank from 

Weight 1 

itig weight 

weisiUtin j 

inches. 

reference 

X rtvliua. 

in Ihs. 

lbs. 1 

1 

plane. 



3186 ' 

30 1 

0 

9,663 I 

400 

650 i 

12 ’ 

18 

12,000 i 

- 400 

050 j 

12 

41 

12,000 1 


318'8 

30 

59 

9,669 


Moment about 
rere»-enc0 
piano. 


0 

220,800 

516.000 

564.000 
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The right balance weight weighs 318*6 lbs., and is plaoe^ at an angle of 
156° 19' measured anti-clookwise from the right crank. The left balance weight 
weighs 318*6 lbs., and is placed at an angle of 208° 41' measured anti-clockwise 
from the 1^ crank. Vertical force due to one balance weight (not the resultant 
force) is 15,600 lbs. 


XV. STEAM-ENGINE PERFORMANCE. 


1 . If a steam-engine work between the limits of 350*^ F. and 212° F., what 
would be its maximum possible efficiency (a) on the Carnot cycle, (h) on the 
Clausius cycle ? State any reasons for choosing one or the other as the standard 
of efficiency under given conditions. (Inst. C.E., Oct., 1897.) 

Afis. O) 0*170; (2) 0*159. 

2 . The total steam used by an engine was 660 lbs. per hour when the I.H.P. 
was 20, and 2100 lbs. per hour when the I.H.P. was 100. Assuming Willan’s 
straight-line law to hold, find the consumption of steam per I.H.P. and per B.Il.P. 
hour, when the engine indicates 25 H.P. and 80 H.P. respectively. You may 
assume 4>ha1f the power required to overcome the friction of the engine is 17 I.H.P. 
at all loads, TJiis may be solved graphically by sotting off the lines to scale in 
your answer-book, or it may be calculated. (Inst. C.E., Feb., 1902.) 

3. A particular non-condensing steam-engine working with 170 lbs. per square inch 
absolute pressure requires 19 lbs. of feed-water per I.H.P. per hour. A particular 
condensing sk^am-engino working with the same pressure and 24 in, vacuum 
requires 17 lbs. of feed-water per I.H.P. per hour. Show that the ratio of 17 to 
19 does not truly represent the relative thermal economy of these two engines, and 
obtain the true comparison on the basis of heat-units supplied per I.H.P. 


Data. 

Total heat of steam at 170 lbs. per square inch absolute pressure . 

Water heat at 212° F 

Water heat at 24 in. vacuum 


B T ir, 
1194 
181 
110 


(Inst. C.E., Oct., 1899.) 

If a steam-engine were supplied with steam at 180 lbs. pressure absolute 
(f == 373° F.), and had a condenser temperature of 126° F., how many thermal 
units would you have to supply to it per I.H.P. per hour if it could turn into 
'work 50 per cent, as much as an ideal Carnot engine working between the same 
limits? (Inst. C.E., Feb,, 1898.) 

Ans. 17,200 units of heat from feed-water at 126° F. 

4. What is meant by the “ Willan’s law ” for a steam-engine ? Show briefly 
how tills law enables you to predict the economy of a given steam-engine under 
varying conditions. (Inst. C.E., Fob., 1903.) 

5. What ^8 the Willaii’s rule as to the horse-power and water used ? Show that 
it is reasonable to expect such a rule to hold. (Bd. of Ed., Hons., 1903.) 

6. A non-condensing engine uses 4000 lbs. of dry saturated steam per hour at 
160° C. ; feed- water at 20° C. ; the indicated horse-power is 210. What is the 
efficiency? How much work is done per pound of steam? If a perfect steam- 
engine works on the Bankine cycle between 100° 0. and 160° C., what work is 
hypothetically possible per pound of steam? Use the table of numbers given in 
III. No. 13. (Bd. of Ed., Stage III., 1901.) 

Ans, Efficiency, 11*7 jier cent. ; 103,960 foot-lbs. ; 101,600 foot-lbs. 

7 . A steam-engine works on the Rankine cycle. Prove that the work done per 
pound of steam is — 

+ T. - T. - T. logc 

w^rOi^i^and T^ are the upper and dower temperatures respectively. (Inst. 

8. A non-condensing engine uses 4600 lbs. of dry saturated steam per hour at 
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1«0® C. ; the indicated horse-power is 200 ; Low much work is done per potmd of 
^ perfect steanc-engine works on the Hankine cycle between 100 ® and 
ibO what work is hypothet cally possible per pound of steam? (Bd. of Bd,, 
btage III., 1905 ) , 86,1^ fooUbs. ; 99,5^ foot-lbs. 

W. in a certain 'Engine trial it was found that ienii eratnre of boiler = 870" F. * 
feed-water used ^ 14 lbs. per I H.P. per hour ; Lemperature of feed = 116" i ’ 
Assuming t^ boiler to supply dry step.m. fird the expenditure of heat in thermal 
units per T.H.r. per minute, and compare it with the work done, flnst CE 
Oct., 1898.) ' • • •» 

10 . Describe the Rankino-Clausius cycle, .yrd show it on a 8<p chart. It is found^ 
tables that an engine w.^rking on a Ran kmo- Clausius rycle with maximum 
efficiency between temperbtuies 850" F. and 120 " P. takes 9900 E.T.U. per r.H.P. 
lioiir. Compare its efficiency wiou that ol an engine working on a Carnot cyole 
with maximum efficiency between the same temperatu’"eB. What is the reason 
for the difference in the effiiencie., ? (Inst. C.F., 1905.) 


Aws. 8974 B.T. CJ. required by Carnot cycle, 
Carnot efficiency, 28'S per ceni. 
Rankine efficiency, 25*8 pet cent 

11 . Find an expression for the work done per pound of steam in a steam-engine 
when the steam expands to a pressure higher than the Lack pressufo. Neglect 
clearance, compression, and initial condensation. Assume tlic is dry 

during expansion (see p. 55). 

Ans. Lot ABCDE represent the indicator diagram, Fig. 496. 

Let T, = absolute temperature of the steam at B. 

Tg = absolute temperature of the steam at D. 
p.> = absolute pressure of the steam at D, 

2)^ ~ absolute pressure of the steam at Fj. 

Y.j - yolume of the cylinder in cubic feet. 

Tfce total work done is reiircsentcd by the sum of the areas M and N. 



Total work done •= areas M -f N 


= 1437 log,.,'!;' - 0-7(T, - T,) + 


(Pi_ 


■ ^ 3)^2 X 144 
778 


12 . Calculate from the steam tables the maximum work obtainable from 1 lb. 
of dry saturated steam when working between pressures of 100 and 2 lbs. per 
square inch absolute : (a) on the Rankine cycle ; ( 6 ) on the Carnot cycle. 
Account for the difference obtained. (London B.Sc., 1912.) 

Ans. Maximum work, Rankine cycle = 257’5 B.Th.U. per poiind. 

Maximum work, Carnot cycle = 225*6 B.Th.U. „ „ 

13 . What is the theoretical efficiency of a heat-engine working pn the Carnot 
cycle ? Explain why a theoretically perfect steam-engine, using highly super- 
heated steam, has an efficiency considerably loss than that of the Carnot cycle 
between the same temperatures. {I.C.E., Oct., 1910.) 

14 . In a steam-engine regulated by a throttling governor the steam»con- 
sumption at 100 H.P. was 2500 lbs. of steam per hour, and at 400 H.P. GOOD lbs. 
of steam per hour. Find the steam-consumption at 300 H.P. What law do, 

2 K 3 " 
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you assume ia working out this example ? Write down the equation connecting 
che horse-power and the steam used. (I.O.JE., Oct., 1910.) 

Ans. Assuming Willans lawy^ W = 13^ + 11*671, where I is the horse- 
power of the engine. At SCO H.P., W = 4834 IJjs. 

16 . Sketch pv and t diagrams for the Eankine cycle. Explain where the 
following cycle differs from the Eankine cycle. Steam enters a cylinder at a 
pressure of 150 lbs. per square inch absolute and expands adiabatioally to 10 lbs. 
per square inch absolute. Find the work done per pound of steam if the back 
pressure is 4 lbs. per square inch absolute. Neglect clearance, compression, and 
condensation. How many pounds of steam are required per hour per horse- 
power ? (Sheffield Univ.) 

Ans. Work per pound = 180,500 ft.-lbs. 

Steam per hour per horse-power = 10*9 lbs. 

18 . In a trial of a triple-expansion engine the following observations were 
made:— 


Steam pressure (absolute) 200 lbs. per square inch 

( 669*8 C H U 

Total heat per pound reckoned from water at 0° C. (32° F.) |(i205*6 B Th U ) 

Weight of steam entering cylinders per hour 1200 lbs. 

Indicated horse power 73*8 „ 

The steam entered a surface condenser and was condensed at a temperature of 
66° C. (133° F.), and it was found that 24,000 lbs. of condensing water per hour 
were raised through a temperature of 24° C. (43*2° F.). Determine the gross 
supply of heat per minute to the engine, the heat equivalent to the I.H.P., 
and the heat leaving the engine in the exhaust steam reckoned from 0° C, 
(32° F.). 

Determine the amount not accounted for by radiation loss and errors of 
experiment, and show your results in the form of a balance-sheet. (London, 
B.So. Eng., 1913.) 

Answer.^ 


Gross supply of heat to the engine per minute (above 32° F.) 

1200 

= X 1205*6 = 24112 B.Th.U. 
oO 

• 33000 

heat equivalent to the I.H.P. per minute = 73*8 X — ■ 

77o 

= 3130 B.Th.U. 
24000 

heat to condensing water per minute = ' “ gQ” ^^’2 

=r 17280 B.Th.U. 
12000 

heat in condensed steam discharged per minute = - (133 — 32) 

= 2020 B.Th.U. 

Balance-sheet. 


B.Th.U. 

per 


B Th.U. 
per 


Gross supply of heat to engine . 24,112 | Heat equivalent to I.H.P. . . 3,130 

Heat to condensing water . . 17,280 
Heat in condensed steam . . 2,020 

Eadiation loss and errors of 
experiment 1,682 


24,112 


24,112 


17 . Sketch a pv and t<p diagram for -a steam-engine working on the Eankine 
cycle. The admission pressure of steam to a reciprocating engine is 140 lbs. per 
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square inch absolute, and the pressiTe at tlie end of expansion is 30 lbs. ; exhaust 
pressure, 17 lbs. * Find the minimum weight of steam required per hour per 
horse-power. Where does the above cy^le differ from the Bankine cycle? 
(Sheffield Univ., ldU\ , Ans. 17-3 lbs. 


XVI. THE STEAM-TUBEINF 

1. There are st 3 am- turbines on the so-called reaction principle like Parsons’, 

and others on the so-called impulse principle like Laval’s. Describe how they 
differ (in the oehaviour of the fluid passing t^irc ugh the moving vanes), and show 
in each case how the rule as to speed of wheel compared with speed of fluid 

before entering th wheel. Why a very perfect vacuinn more important in a 
turbine than in a reciprocating steani engine ? (Bd. of Ed., Hons., 1905 ) 

2. Describe with sketches either {a) a Parsons steam-turbine, o” (b) a do Laval 
steam-turbine. To what exteno itnd for what reasons is the efficiency of the 
turbine you describe affected by the use of superheated steam and by a high 
vacuum in the condenser ? (Inst. C.E., 1905.) 

3. Sketch and desc-ibo any one form of steam turbine with which you are 

^™eam issues from a fixed nozzle of an .mpulso turbhie at a sp'ied of 3000 feet 
per second on to a ring of turbine blades. The no/.zlo is molined 80 degrees to 
the plana of rotation of tho vanes. The circumferential velocity of the .’'anes is 
1000^ ft. per second. Find the angle of the vane at the receivmg lip so that the 
steam flows on to the vane from tho nozzlu without shock. the angle 

the discharging lip of the vane so that tho iiressuro exerted on the vane is m the 
dlreoSTtL vane’s motion. And find the work done per pound o steam 
flOTing from the nozzle. Find also tho maximum amount of work which could 
be doneibv the iet pound of How. (Bd. of Ed., 1914, Higher.) r xu + 

* ^ Ans From tho velocity diagram the absolute velocity of tho steam 
leaving the wheel =r 1615 ft. per second. 

(3000)'' (1616)';^ 

Work per pound of steam - 2 x 32~2 

= 99,260 ft.-lbs. 

_ 3000 X 3000 

maximum work per pound of steam — 2 x 32’2 

= 139,700 ft.-lbs. 

Inlet and outlet angles of the vanes to prevent end thrust (neglecting friction) 

4 Fxplahn with sketchos, the construction of tho rotor of a Parsons turbine 

and the method of fixing the turbine at 300 ft. per second 

exit angle of the blades 

is 30-. Neglect all losses. (1^0 ^. J ^-.19 -J ^ ^.Og B.Th.U. 

6 Show, by sketches of th’ totol h^t.ontrop_y.” or “ Mollier,” diagram, how 
m B^phraCf s" expands through a throttling 

valvo without loss «£ . expanding adiabatically from a given 

(6) The woA If ImLt of ^perhe^t or wetness to a lower pressure 

^cT The^ry^ess olsZm after expaiion in a nozzle when tho efliciency of tho 

nozzle is known. „ -team which has passed through a throttling 

j&ixf "• 

“ rfp™ stoam tTrbine the heat drop per pound of steam in the moving 
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and stationary blades is the same and equal to 6 B.Th.U. per minute in each; 
the mean velocity of the blades is 275 ft. per second, Deteihaine the velocity 
of the steam entering the blades ; the work done in each set of blades ; the • 
de^ee of reaction, the efficiency and the horse-power, developed per stage, 
assuming no losses. Take the exit angles of the blades, 20°. (Sheffield Univ.) 

Ans. V = 224 VBfhTU. ; V = 649 ft. per second. 

Work done in moving blades = 4668 ft. -lbs. 

Work done in stationary blades = 4668 ft.-lbs. 

* lieaction = 0*5. 

Efficiency = 0*75. 

Horse-power per stage = 12*8. 

7. Dry steam at an initial pressure of 120 lbs. per square inch absolute, is ex- 
panded adiabatically down to 30 lbs. pressure absolute in a nozzle which allows 
0*4 lb, to pass through it per second. Determine the dryness of the steam and 
the sectional area of the nozzle at the lower pressure, using the data given in the 
accompanying table : — 


Pressure, 
lbs /o'. 

lemp. Fabr. 

Heat of 
formation. 

Vol. of 1 lb. 
cub. feet. 

<f> 

^0) 


30 

250*5 

1158*3 

13*72 

0*368 

1*687 

120 

341*0 

1186*0 

3*74 

0*491 

1*582 


(Shetf. Univ.) Ans. Dryness = 0*92; area = 0*6194 sq. in. 

8. Steam enters the nozzles of an impulse turbine from rest, and there is a 
loss of 10 per cent, of the available heat energy of 19 B.Th.U. The peripheral 
speed of the wheel is 380 ft. per second. The nozzles are inclined to the wheel 
at an angle of 20^. Find the combined efficiency of the blades and nozzles, 
assuming the blades ji^re symmetrical and that the exit velocity of the steam is 
85 per cent, of the inlet velocity, (Sheff. Univ.) Ans. Efficiency = 0*725. 

0 . Find an expression for the work done per pound of steam in a Dc Laval 
turbine having equal outlet and inlet blade angles. Neglect all losses. Find an 
expression for the maximum efficiency. 

Ilraw the velocity diagram form I)e Laval turbine having the nozzles inclined 
to the blades of the wheel at an angle of 20°, and determine the efficiency if the 
steam velocity is 2400 ft. per second ; the peripheral velocity of the rim being 
1000 ft. per second. What is the inlet angle of the blades for the steam to enter 
without shock? (Sheffield Univ.) Ans. 6 — 32°; efficiency, 0*87. 

10 . Dry steam expsftids adiabatically from 160 lbs. per square inch absolute 
to 15 lbs. absolute. Find the dryness of the steam after expansion and the 
heat converted into work per x:)ound of steam. 

Wet steam at a pressure of 200 lbs: per square inch absolute passes through 
a throttling calorimeter whore the pressure is 21 lbs. absolute and the super- 
heat 25°. Find the dryness of the steam before expansion. (You may use your 
Mollier chart for these examples.) (Sheffield Univ.) 

Ans. Dryness after expansion = 0*87. 

Heat converted into work per pound = 172 B.Th.U. 

Dryness of steam before expansion = 0*96. 

11 . Dry steam at a pressure of 100 lbs. per square inch absolute is expanded 
adiabatically in a i)roperly designed nozzle to 2 lbs. per square inch absolute. 
The .heat drop is 225 B.Th.U., and 90 per cent, of this is converted into kinetic 
energy. Find the velocity of the steam at exit, neglecting any initial velocity, 
and find also the quality of the steam at exit. (Sheffield Univ.) 

Ans. 3187 ft. per second ; dryness, 0*85. 

12 . If the adiabatic expansion of dry steam is given by_pu^*^^^ = constant, and 
if the density of dry steam is given by aP®*®^, where A is constant, show that the 
dryness of dry saturated steam after adiabatic expansion from Pj to Pg is given 

Hence show that if the expansion is adiabatic the dryness of the steam at the 
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throat of acotive^ent divergent norzle of the De La-al type is about 0-97 thi 
steam being dry saturated at the entry to the nozzle. . (ShefBeld Uuiv ) ’ 

Anmcr,^ 


where V.^ = volume of Wtt sljoam after expiuision. 

Density’ = 

" V, 



(2) 

and y = xr..,® ®‘ 

(a> 

where V = volume of dry steam at P.. 

, V , 

, p .0*94 


-(2)oy(3)4 - 
♦ 1 ' 

. 1 -:) 


also V, -= 1 

-.'•V'-v, 


Substituting for Vj and inverting — 



V.. Ir.; 

^0-!U 


Vo 

•1 



The relation between P, and Po at the throat of a De Laval nozzle is given by— 

0-575 (p. 398). 

• /. dryness at the throat = 

. = 0‘97 

13. Dry steam enters the fixed blades of a Parsons turbine at 160 lbs. per 
square inch and expands adiabatically to 150 lbs. ; the steam further falls to HO 
lbs. in the moving blades. Draw the velocity diagram, assuming the exit angles 
to bo 25° and the peripheral speed to be 200 feet per second. You may use the 
Mollier chart. (Sheff. Uuiv.) 

14. In a section of a turbine of the Parsons typo an expansion consists of n 
rings of moving blades. It is arranged to have equal heat drops in fixed and 
moving blades. Express the work done per pound of steam on the moving blades in 
terms of the peripheral velocity u, the steam velocity v, and the exit angle of the 
blades 0. If n u — 150 ft, per second, v = 375 ft-, per second, 0 = 20'^ and if 
the weight of steam passing through the blading is 40 lbs. per second, find the 
horse-power develoi^ed in the section. (ShefT. Univ., 1913.) 

d7is. Horse-power r_ 1,316. 

16. Show how to determine, by aid of a T^) diagram, the dryness fraction of 
steam when expanded adiabatically. Dry steam, at an initial pressure of 100 
lbs. per square inch ahsoluio, is expanded adiabatically down to 20 lbs. 
absolute in a nozzle which allows 1 lb. to pass through it per second. 
Determine the dryness of the steam and the sectional area of the nozzle at the 
lower pressure, using the data given in the accompanying table : — 


Pressure in 
pofunds per 
stiuare inch. 




Entropy. 

I’oinperatiire. 

Total Iieat. 

Volume, 
cubic feet, j 

Water. 

Steam. 

20 

108-9° C. 

643-2 C.H.U. 

20-0 

0-337 

1-735 

(228° F.) 

(1157*8 B.Th.U.) 



1-609 

100 

164-2° C. 

662-0 C.H.U. 

4-44 

0-475 

{aaT-e” p.) 

(1191-6 B.Th.U.) 





(London B.Sc. Eng., 1913.) 
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Ans. Drynees after expanfilon 0*91. 

Volume After expansion = 18’198 cub. ft. 

Area of nozzle at lower pressure = 1069 sq, in. 

16 . Steam enters the nozzle of a De Laval turbine* aikd expands to the con- 
denser pressure. The theoretical heat drop Js 230 B.Tb.U. per pound, but 10 per 
cent, of the energy is dost in friction. Draw the velocity-aiagram of the steam 
passing through the turbine if the relative velocity at exit is 86 per cent, of the 
inlet velocity. Find the efficiency of the nozzle and vanes, assuming the steam 
enters the vanes without shook, and that tHe inlet and outlet angles of the vanes 
are equal. The peripheral velocity of the wheel is 1200# ft. per second. The 
nozzles are inclined at an angle of 20® to the plane of the wheel. (Inst. C.E., 
October, 1913.) Ans. Efficiency of nozzle and vanes, 0*70. 

I'f. What is the principle involved in the calculation of the velocity with 
which steam issues from a nozzle, assuming that the flow is adiabatic and 
frictionless ? 

Dry saturated steam, at 150 lbs. pressure per square inch absolute, is 
supplied to a nozzle and flows through it into a condenser where the pressure is 
3 lbs. per square inch absolute. Assuming that the flow is frictionless and 
adiabatic, find the velocity with which the steam issues from the nozzle ; the 
w^etuess of the steam ; and the discharge in pounds per minute per square inch 
of the minimum cros§-section of tho nozzle. (Bd. of Ed., 1913, Higher.) 

Ans. Velocity = 3620 ft. per second. 

Dryness = 0*81. 

Discharge per minute = W^= — = 128*6 lbs. per minute. 
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exchange areas, 123 

Ilirn’s analysis, 120 
Horse-power, definition of, 2 

I. 

Impulse turbines, 405 

Inchmona’s engines, ,‘165 

Increase of initial steuia-prossures, 30G 

Independent condenser, 184 

Indicated horse-power, 2, 106 

Indicator, the, 90 

diagrams, 98, 134 

, correction for int tia, 237, 

248 

, reducing motions, 95 

Inertia, definition of, 237 

, effects on crank effort, 239 

— balancing effects, 277 
Initial condensation, 111, 168 


Injector, the, 172 ^ 

. efficiency of, 176 

, automatic, 177 

Internal energy, 

Isothermal expansion, 12 

J. 

Jacket. iSee Steam-jacket 

Joule’s law, 9 

Joy’s valve-gear, 374, 377 

i 

t K. 

Kershaw’s acceleration curve, 285 
Kinetic head, 389 

Klein’s diagram of acceleration, 283 

Labyrinth glands, 419 
Lap of valve, 60 
Latent heat, 28 
Lead of valve, GO 
Liners of cylinders, 253 
Link motion, 77, 376 
Load factor, 316 

, rated, 315 

Locomotive, the, 368 

, compound, 382 

Logarithms, hyperbolic, 422 
Lubiication, Dewranco on, 271 

in turbines, 449 

Lubricator, sight-feed, 198 

M. 

Marino engines, 363 
Mean pressure, 107, 136 

indicator, 451 

ratios, 457 

Mechanical efficiency, 275 
Metallic gland-packing, 255 
Meyer expansion valve, 84 
Mill engiues, 36:> 

Mollier diagram, 422 

N. 

Napier’s formula, 174, 397 

, proof of, 397 

Nozzles for turbines, 396 
Nozzle design, 399 

P. 

Parsons* steam turbine, 410 
Patterns for cylinders, 235 
Poaohe engine, 351 

Performance of steam-engines, 300, 345, 
366, 380 
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Si3 


Pickering: ??ovornnr, 218 
Piston-valves, 25u 

• velocities, 227 

Pistons, 250 « 

Power, definition of 2 
Pressure head, 389 
Pressures, increase of, on the, 30G 
Proell governor, 217 
valve gear, 329 


Q. 

Quality of steam, 1 10 
Questions, 459 

Qui'jk-revolntiori engines, 348 


R. 

RanUine cycle, 58 
Rated 315 

Reciprocating parts, acceleraliou of, 238 
Reducing valves, reduction of pressure 
by, 30S 

Re-evaporation, 112 
Regulator valve, 378 
Rouleaux diagrams, 71, 88 
Reversibility, 22 

Rigg,^est8 of Wcstinglioiise ('iigine. 310 
Ripper s mean-pressure indicator, 417 
Rotation, eflfect of speed of, 317 


S. 

Safety-valve if# locomotive, 378 
Saturated steam pressure and tempe- 
rature, 20 

Salu'iition cu^e applied to indicator 
diagram, lUfr 

Scolt-King d'^gn for high-siieed engines, 
357 ' 

Separator, the, 111 
Shaft governor, 218 
Short-Htrok(’ cylinder surface, 104 
Sight- feed lubricator. 198 
Single-acting engines, 348, 351 

■ and double-acting engines, stresses 

on pins, 301 

Si'soji’s connecting-rod, 271 

engine, 300 

Slide-valve, 00 

, balanced, 03 

, double-ported, 02 

, piston, 63 

Spcjcific heat, definition of, 5 

of gases, 10 

Springs, 221 

Steam, condensation due to expansion 
of, 114 

, consumption curves of, 314 


Steam, density and volume of, 32 

, dryness tests for, 34 

- — engine performance, 300 

, fiow -f, 50 

, furmu!m .'er work done i)er pound, 

54 

jacket, 106 

pressure, increase of, 306 

— properties of, 25 
— specific heat of, 27 
— -atatc point” of, 53 

, siiperh^^atcd, 140 

tables, 420 

, total heat of, 28 

, weigbi of, uccjuiited tor by indi- 

ca*or, 1 15 

, , used i>y the engine, 305 

Superheated steam, 140 

, efficiency of, 148 

, gain tj, 151 

, lubrication with, 151 

^ performance of, 317 

, regulation of, 102 

_ — ^ speciln; lieat of, 147 

, total Inat of, 117 

, in turbines, 443 

Superheaters, 158 


T. 

Tangential pressure on crank, 229 
Temperature, absolute, 8 

, definition of, 0 

, mean, of cylinder walls, IRl 

, range of, 1 13 

Tem])erature-entropy diagrams, 41, 118, 
148, 474 

, , apiilications of, 40 

Thermal efficiency of engines, 56 

injector, 170 

, report of Committee of Inst. 

C.E., 300 

Thermal unit, Ibitish, 5 
Thermodynamics, first law of, 0 

of gases, 5 

second law of, 7 

Thom on marine engines, 365 
Tractive force of locomotive, 37w 
Train resistance, 379 
Turbine, Blading design, 423, 437 

, the De Laval, 405 

, Disc-Drum, 4 17 

, tlio CurtiSj 408 

— Exhaust steam, 419 

, examples, 507 

, the Steam, 385 

, Parson’s steam, 410 

, the Westinghouee, 418 

Turning ('flfort on crankshaft, 227 
Twisting moment, 230 
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Unit of hoftf, defioition of, 5 . 
work, 1 


y. 

Vacuum aujxmenter, 444 

iu lurbiiies, 444 

gouge, 183 

Valve diagram, ellipse, 73 
, Recch, 7 1 

, Reulcaux, 71 

, Zeunor, 07 

Valve displaccmoni, GO 

gear, 320 

gears, expansion, 7Gi 

Valves, double-boat, 824 
Vanes, action of jet upon, 385 
Velocities, piston, 227 

, diagrams of, 393, 397, 401, 404, 

427, 482, 486 
, steam, 380 


Vibration in turblne^440 
Volume, pressure, nuu temperature, re 
Jation between, 14 

* W. 

Walschaert Valve gear, 485 
Water, volamo per pound, 25 

, specifle heat of, 27 

Westingbouse engine, results of triala 
316 

WosUngbonsc turbine, 418 
Willans englno, 340 

straight line law, 300 

bl inding engine, 847 
Work, di'finition of, 1 

, nnit of. 1 

during expansion, 11 


Z. 

Zouncr, valve diagram, 07, 483 
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